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Abstract 
 
Upcoming environmental constraints require the next generation internal combustion 
engine (ICE) to yield lower pollutant emissions and higher fuel efficiency. The air/fuel mixture 
inside the ICE, which has a pivotal impact on the subsequent combustion and emission 
performance, is a key aspect to achieve those requirements. The work done in this dissertation 
aims at exploring different strategies to enhance the air/fuel mixing rates and thus to improve the 
combustion and reduce emission in the modern ICE.  
The air/fuel mixing enhancement can be approached from both sides of the mixture. For 
air, different intake port designs were considered to generate a strong in-cylinder tangential 
velocity, known as swirl flow, to promote air/fuel mixing. The mean and turbulent characteristics 
of the swirl flow were explored under various valve lifts using particle image velocimetry (PIV). 
This information is of significant value for advanced combustion strategies such as reactivity 
controlled compression ignition (RCCI) in which the fuel stratification before autoigntion is 
critical for combustion efficiency. Furthermore, the correlation between the PIV and 
conventional bench flow measurement using paddle wheel swirl meter, which is of particular 
importance in guiding the future industrial bench flow tests, was also demonstrated.  
For fuel, although the spray and atomization process could be improved through 
complicated hardware design, the atomization enhancement due to inherent fuel properties is 
more attractive due to its low cost and easy implementation. In this study, water as an additive 
was mainly considered for enhancing spray atomization and air/fuel mixing through a unique 
behavior known as micro-explosion. Although the micro-explosion phenomena in fuel droplets 
have been extensively studied, their presence in the fuel spray and the corresponding impact on 
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the combustion and emissions has rarely been reported. In this work, various laser diagnostic 
methods were applied to capture the spray and combustion characteristics of fuels with additives 
and as such, the observed phenomena were correlated with other combustion features. The 
findings will be important towards the fundamental understanding of the spray and combustion 
of these multi-component fuels under diesel-engine-like conditions and valuable for future 
computational model validation.  
Through this work, a) Swirl flow generated through different intake ports were 
demonstrated using PIV measurement and the potential mixing enhancement using certain port 
design was shown; b) The impacts of in-cylinder velocity flow field, piston geometry and 
injection timing on fuel stratification were demonstrated through a simulation study. c) High 
speed imaging was carried out in a constant volume chamber to reveal the spray and combustion 
processes of diesel fuel with various additives under various ambient conditions. Quantitative 
analysis of spray penetration, soot lift-off length, broadband natural flame luminosity and soot 
distribution were performed. d) It is revealed how the improved atomization, through the unique 
micro-explosion phenomena, leads to better air/fuel mixing and lower emissions. e) Quantitative 
measurement and analysis of spray penetration and droplets size using a micro-variable circular 
orifice (MVCO) injector were performed.  
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Chapter 1 Introduction 
1.1 Background 
Internal combustion (IC) engines are, and will continue to be the primary mode of power 
generation for ground transportation. Conventional internal combustion engine powered vehicles 
are projected to decrease at an annual rate of 0.5% over the next 25 years in the US, with 
gasoline internal combustion engines decreasing at an annual rate of 0.7%, whereas diesel 
combustion engines actually increasing at an annual rate of 4.7% in the U.S. for light-duty 
vehicles used in personal transportation [1]. Meanwhile, alternative fuel-vehicles, including flex-
fuel, hybrids, natural gas, electric, liquefied petroleum gas and fuel cells are expected to grow at 
an annual rate of 7.3% over the next 25 years [1].  According to this projection, the internal 
combustion engine is still going to play an important role in power generation and ground 
transportation in the foreseeable future.  
The growing concerns over global warming and depletion of fossil fuel resources have been 
associated with the boom of IC engines for decades. Historically, the issue of natural resources 
depletion was first recognized among the general public in the mid-1970s during the Middle-East 
crisis, and  renewable energy resources, in particular, their application on IC engines have 
received increasing attention ever since. Meanwhile, driven by the increasingly stringent 
emission regulations, significant improvement in emission levels in both spark ignition (SI) 
engine and compression ignition (CI) has been achieved. The public awareness of such issues 
had apparently pushed the engine manufactures to make cleaner and more efficient engines with 
minimum penalty on engine power and performance. In retrospect, the engine fuel efficiency and 
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emission level has been improved tremendously over the last few decades. As illustrated in Fig. 
1.1, the fuel efficiency has increased by 126% and 77% for cars and trucks respectively from 
1975 to 2010. The increase will continue as reflected in the forecast by EIA annual energy 
outlook shown in Table  1.1. The fuel economy of the light duty truck, for example, is projected 
to further increase from 28.8 MPG to 40.3 MPG by 2025.  
To achieve the projected fuel economy, various vehicle types that do not solely rely on the 
gasoline IC engine for power and accessory have been developed and summarized in Table 1.2. 
Although hybrid- and electric- type vehicles have been considered attractive for ground 
transportation in the future due to their remarkable fuel efficiency, the battery capacity and life 
(typically made of lithium-ion) will remain a major hindrance before any breakthrough in the 
current automotive market. On the other hand, CI engines have the advantages of no throttling 
losses, high compression ratio and overall lean operation compared to SI engines, and thus are a 
proven short-to-medium-term solution to the problem of reducing fossil-fuel consumption and 
minimizing greenhouse gas emissions. As a result, the diesel engine has been long established as 
the principal power-plant for heavy-duty trucks, buses, and off-road vehicles and machinery.  
Conventional diesel combustion results in higher emissions of nitrogen oxides (NOx) and 
particulate matter (PM), and consequently after-treatment is necessary to meet the increasing 
stringent emission regulations forced by the government. Fig. 1.2 illustrates EPA and EU non-
road emission regulation from Tier1 to Tier4. Note that the PM and NOx has reduced by 90% 
and 50% respectively from Tier3 to Tier4 interim and another 80% NOx reduction will be 
enforced from Tier4 interim to Tier4 final.     
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The current outlook for heavy-duty diesel after-treatment includes a diesel particulate filter 
(DPF) to capture PM, a selective catalytic reduction (SCR) or lean-NOx trap (LNT) system to 
control NOx, and a diesel oxidation catalyst (DOC) to oxidize HC and CO emissions [5-7]. The 
potential cost, weight, package-volume, complexity, and fuel-consumption penalties associated 
with these after-treatment devices makes them an unwanted necessity, thereby impeding market 
penetration and subsequent impact of the conventional diesel combustion application. 
To reduce the cost, complexity and fuel economy penalty of after-treatment devices, advanced 
combustion strategies are being intensively studied in recent years. It has been found that the 
engine operation has to be restricted within a certain equivalence ratio and temperature to 
maximize the fuel economy potential of the ICE while minimizing emissions. From the 
equivalence ratio – temperature map shown in Fig. 1.3, it can be seen that both rich diffusion 
flames and high temperature homogeneous propagating flames should be avoided for soot and 
NOx formation respectively. Meanwhile, sufficient temperature should be maintained for 
completing oxidation to avoid the formation of CO and unburnt hydrocarbon (UHC). This leaves 
us with a narrow range of equivalence ratio and temperatures for engine operation such that all 
emissions could be reduced, which is commonly referred to as low temperature combustion 
(LTC). The LTC strategy is usually realized by applying large amounts of EGR coupled with 
different injection timings.  The essence of this combustion mode is that the ambient temperature 
upon injection is sufficiently low that not only are the NOx emissions reduced because of the 
lowered adiabatic flame temperature due to dilution, but soot formation is also restrained because 
the reaction from PAH to soot particle is suppressed in the low temperature regime [8-13].   
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To meet the goals of more efficient combustion, the global community is exploring a range of 
advanced combustion strategies under LTC concepts, including homogeneous charge 
compression ignition (HCCI), partial charge compression ignition (PCCI), and recently 
developed reactivity controlled charge compression ignition (RCCI). The principles, benefits and 
challenges of these new combustion strategies are summarized as follows.  
• HCCI [14-16] 
HCCI is characterized by the fact that the fuel and air are well mixed before combustion starts 
and the mixture auto-ignites as a result of the temperature increase in the compression stroke. 
Thus HCCI is similar to SI in the sense that both engines use premixed charge and similar to CI 
as both rely on auto-ignition to initiate combustion. 
HCCI strategy can be used in both gasoline or diesel fueled engines. HCCI combustion is 
attractive because it enhances the thermal efficiency and significantly reduces the NOx and PM. 
A well-controlled HCCI strategy is potentially to achieve gasoline-engine like emissions and 
diesel-engine like efficiencies.The major challenge of the HCCI combustion is the control of the 
combustion phasing. Unlike conventional diesel combustion, there is no direct method to control 
the start of combustion (SOC). The SOC in HCCI is controlled by the auto-ignition chemistry of 
the air-fuel mixture and can be affected by fuel properties, fuel concentration, mixture 
homogeneity, compression ratio, intake temperature, etc. 
Moreover, HCCI combustion is subjected to potential liquid accumulation in the port and high 
level of noise, UHC and CO emissions during engine operation depending on the mixture 
preparation; HCCI engines also encounter difficulty in firing during cold start condition and 
extended load range. 
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• PCCI [17-23] 
Also known as partial premixed compression ignition (PPCI). PCCI can be also used in both 
gasoline and diesel fueled engines. Unlike HCCI which typically uses port fuel injection (PFI), 
fuel is still directly injected in the cylinder in the PCCI mode with the injection timing much 
early before top dead center (TDC). In PCCI engines, the air/fuel mixture is more stratified 
compared with HCCI, but certainly much more homogeneous than those in the conventional 
diesel combustion and much less diffusion combustion results.  By introducing high levels of 
exhaust gas recirculation (EGR), PCCI essentially becomes a variant of LTC and presents 
remarkable soot and NOx reduction capability.  
Combustion phasing control is not a major challenge in PCCI since the injection timing and 
amount can be well controlled. However, early injection timing may result in incomplete fuel 
vaporization and spray impingement on the cylinder walls, which causes high levels of UHC and 
CO emissions as well as fuel/oil dilution. Strategies to reduce fuel-wall impingement and achieve 
better combustion phasing control include the use of multi-injections, late injections and narrow 
cone angles. Meanwhile, PCCI combustion may also subject to similar cold start, and load 
limitation issues as in HCCI. 
• RCCI [23-32] 
RCCI uses in-cylinder fuel blending with at least two fuels of different reactivity and multiple 
injections to control in-cylinder fuel reactivity to optimize combustion phasing, duration and 
magnitude. The process involves introduction of a low reactivity fuel, i.e. gasoline, into the 
cylinder through either port fuel injection (PFI) or direction injection (DI) to create a well-mixed 
charge of low reactivity fuel, air and EGR. Meanwhile, the high reactivity fuel, i.e. diesel, is 
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injected before the ignition of the premixed fuel using single or multiple injections directly into 
the combustion chamber to control the SOC of the mixture.  
RCCI is essentially a variant of HCCI that preserve the benefits of HCCI but further provides 
more control over the combustion process and has the potential to dramatically lower fuel use 
and emissions. The control can be realized through the injection timing and amount of the single- 
or multi- diesel pilot injection, primary reference fuel (PRF) ratio, etc.  
The injection pressure, piston geometry, engine load, and PRF ratio will all affect the engine 
performance and thermal efficiency. In particular, RCCI strategy does not require the 
conventional bowl-in-piston shape to induce the high turbulence flow for air/fuel mixing. The 
ideal piston should have small surface area to reduce the heat transfer thus increase the thermal 
efficiency. 
1.2 Problem Statement 
These new combustion strategies have enabled significant reduction of in-cylinder soot and NOx 
emissions and have gradually transitioned the image of diesel-rooted vehicle technologies dating 
back to the 1970s, as slow, heavy, smoky, engines to responsive, much leaner and exciting-to-
drive engines nowadays. However, all these concepts are challenged by the air/fuel mixture 
preparation upon the start of combustion. The in-cylinder air/fuel mixing process is very 
complicated which involves interaction of multi physics from both air and fuel: swirl flow 
formation, turbulent kinetic energy transportation, fuel vaporization, droplet breakup, droplet 
collision and coalescence, fuel wall impingement, etc. It is imperative to comprehend the 
fundamentals of fuel spray and subsequent air/fuel mixing for cleaner and more efficient engine 
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combustion. Under the scope of air/fuel mixing in a CI engine, the following issues will be 
addressed in this thesis work.  
• The impact of the intake port configuration on in-cylinder swirl flow formation 
• The impact of the swirl initialization on air/fuel mixing in engine CFD simulation 
• The impact of the ambient temperature, ambient oxygen and injection pressure on diesel 
spray and combustion characteristics 
• The impact of adding water into the diesel for atomization enhancement and emission 
reduction 
• The impact of the adding bio-oxygenated fuel into the diesel for atomization and 
emission reduction  
• The characterization of the spray and atomization using a high pressure micro-variable 
circular orifice (MVCO) injector.  
1.3 Thesis Overview 
The remainder of the thesis is organized as follows: Chapter 2 presents the study of swirl flow 
characterization on a flow bench facility using both conventional paddle wheel measurement and 
PIV measurement. Different swirl planes along the axial direction of the cylinder are measured 
under steady state conditions with constant valve lift. The impact of the intake port 
configurations on the swirl flow field is also demonstrated.  
Chapter 3 discussed the air/fuel mixing through a computational study. In this chapter, the 
impacts of piston geometry, injection start timing and flow field initialization on air/fuel mixing 
are illustrated. In particular, the flow field data obtained in Chapter 2 were used for flow 
initialization in a 3D engine CFD simulation and compared with the standard swirl flow 
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initialization such that the impact of the flow initialization on the subsequent flow field towards 
TDC is analyzed.  
Chapter 4 discusses the constant volume chamber setup and illustrates the operation procedure 
which will be used in the next two studies. The baseline results of diesel injection are also 
presented.  
Chapter 5 presents the study of the emulsified diesel spray and combustion in the constant 
volume chamber in a wide range of ambient temperature and injection pressure, and 
demonstrates how water addition can effectively enhance atomization and lower the soot 
emission. The micro-explosion phenomena have been particularly explored in a burning spray of 
the water emulsified fuel.  
Chapter 6 presents the study of diesel actone-butanol-ethanol (ABE) blends in the same constant 
volume chamber facility. The oxygenated bio-fuels are excellent alternative for the conventional 
diesel not only due to its remarkable emission reduction capability, but also due to its potential 
low cost in the fuel production. This study focused on the low temperature spray combustion of 
the ABE-diesel blends and its combustion characteristics were revealed.  
Chapter 7 presents the study on a micro-variable circular orifice (MVCO) injector. Both high 
speed imaging and phase Doppler anemometry (PDA) measurement were performed to explore 
the unique spray atomization characteristics of this injector. Its potential application on a diesel 
engine is further discussed. 
Chapter 8 summarizes the results and recommends directions for future research.     
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Table  1.1 a Estimated average fuel economy and greenhouse gas emissions standards 
proposed for light-duty vehicles, model years 2017-2025 [3] 
 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 
Fuel Economy only (miles per gallon) 
Passenger cars 37.8 40.0 41.4 43.0 44.7 46.6 48.8 51.0 53.5 56.0 
Light-duty trucks 28.8 29.4 30.0 30.6 31.2 33.3 34.9 36.6 38.5 40.3 
All light duty vehicles 34.1 35.3 36.4 37.5 38.8 40.9 42.9 45.0 47.3 49.6 
a
 Based on Projected mix of LDV sales 
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Table 1.2 Vehicle types that do not rely solely on a gasoline internal combustion engine for 
motive and accessory power [3] 
Vehicle Type Description 
Diesel Vehicles that use diesel fuel in a compression-ignition internal combustion 
engine 
Micro hybrid 
Vehicles with gasoline engines, larger batteries, and electrically powered 
auxiliary systems that allow the engine to be turned off when the vehicle is 
coasting or idling and then quickly restarted. Regenerative braking recharges 
the batteries but does not provide power to the wheels for traction. 
Hybrid electric 
(gasoline or 
diesel) 
Vehicles that combine internal combustion and electric propulsion engines but 
have limited all-electric range and batteries that cannot be recharged with grid 
power. 
Plug-in hybrid 
electric 
Vehicles that use battery power for driving some distance, until a minimum 
level of battery power is reached, at which point they operate on a mixture of 
battery and internal combustion power. Plug-in hybrids also can be engineered 
to run in a “blended mode,” where an onboard computer determines the most 
efficient use of battery and internal combustion power. The batteries can be 
recharged from the grid by plugging a power cord into an electrical outlet. 
Electric 
Vehicles that operate by electric propulsion from batteries that are recharged 
exclusively by electricity from the grid or through regenerative braking. 
Flex-fuel 
Vehicles that can run on gasoline or any gasoline-ethanol blend up to 85 
percent ethanol. 
 
  
Fig. 1.1 Average estimated fuel economy by model year [
Fig. 1.2 EPA and EU non-
11 
2] 
road emissions regulations [4] 
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Fig. 1.3 Equivalence Ratio (φ) –Temperature (T) map  
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Chapter 2 Intake Swirl Flow Measurement and Analysis 
 
The in-cylinder flow generated by the intake port during the induction stroke has a significant 
impact on air/fuel mixing in the internal combustion engine. Its importance lies on one hand how 
much fresh air can be inducted for the combustion (i.e. volumetric efficiency), which has a large 
impact on the power output that a given displacement engine is able to produce; on the other 
hand, it directly reflects the turbulence intensity throughout the compression stroke, which 
determines the air/fuel mixing level towards TDC before ignition is initiated. The subsequent 
combustion event will be substantially affected by the mixing process since the chemical 
reaction rate will primarily depend on the local air-fuel ratio and local flow turbulent intensity. In 
this study, the swirl flow generated by different intake ports is characterized on a flow bench 
facility using both conventional paddle wheel measurement and PIV measurement. The chapter 
starts with the literature review of previous relevant studies. The experimental setup and the 
image processing procedure will be detailed next followed by the results and discussion. Several 
key topics regarding the in-cylinder swirl flow measurement and swirl flow generation will be 
addressed: 
• The correlation between conventional global single-value swirl measurement and PIV 
measurement 
• Tangential velocity profile in the swirl field and swirl center movement with the valve lifts.  
• Turbulent characteristics of the swirl flow field 
• The impact of the intake port design on the swirl flow field   
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2.1   Literature Review 
2.1.1 Methods for in-cylinder swirl measurement 
The term “in-cylinder flow”, in general, should contain the gas motion throughout the entire 
engine cycle including intake flow, exhaust flow, and the flow inside the closed cylinder. The 
port flow, which can be directed and modified through different port or valve geometry, provided 
the easiest access to control the in-cylinder flow from a design perspective. Steady state 
measurements on engine cylinder heads have been performed for many decades as a simple and 
early design tool for port sizing and configuration [32-34]. The most common practice used to 
characterize the swirl coefficient on a steady-state flow bench includes paddle wheel or impulse 
torque measurement, or sometimes referred to as “vane-type” or “impulse-type” measurement 
[35,36].  In the paddle wheel method, the swirl coefficient generated by a given port can be 
estimated by calculating the ratio of the rotary speed of the charge, which is measured from the 
paddle wheel, to the engine speed as calculated by measuring the intake air flow rate. In the 
impulse method of swirl measurement, a honeycomb flow straightener replaces the paddle wheel 
in the cylinder and it measures the total torque exerted by the swirling flow. In a recent study, 
Heim and Ghandhi [36] conducted a detailed study on the swirl meter performance evaluation 
and reported a linear dependence on the input angular momentum flux for both types of 
parameters. In particular, vane-type meters were found to be sensitive to the paddle-to-bore-
diameter ratio as the increase of this ratio lead to lower swirl coefficient due to excess friction. 
It should be mentioned, however, that either swirl or impulse torque method provides only a 
global measurement of the swirl intensity of the intake flow. To acquire more in-situ velocity 
information, single-point measurement technique such as hot-wire anemometry (HWA) and 
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Laser Doppler Velocimetry (LDV) have been extensively used. Relevant studies include flow 
velocity measurement around intake valve using HWA [37,38] and LDV measurements in either 
motored engine or steady state rig [39-41]. Turbulent properties of both tumble and swirl flow 
were also characterized using these types of technique [42-43]. Meanwhile, with the 
development of laser diagnostic technologies, particularly the Particle Image Velocimetry (PIV) 
technique, 2D or even 3D flow field velocity information can be acquired which provide much 
more insights upon the flow structure, mean velocity and turbulent characteristics of the in-
cylinder flow that could be missing in the global or single point measurement [44-63]. Peterson 
and Miles [45] measured the tangential velocity profile in the swirl plane of a motored light duty 
diesel engine using PIV and reported a value of 2.2 is recommended for the parameter which 
controls the shape of the Bessel function depicting the tangential velocity profile. Funk et al. [46] 
studied the cycle-to-cycle variation in the large-scale velocity structures of high- and low-swirl 
in-cylinder flows in a two valve, pancake-shaped transparent combustion chamber engine using 
PIV. The same research group also studied the turbulence properties of high and low swirl flows 
on the same engine [47]. Bevan et al. [48] studied the intake-generated flows on both steady state 
flow bench and a four stroke spark-ignition utility engine using three simple intake port 
geometries at three port orientations using PIV. A number of general conclusions can be drawn 
on the engine swirl flow from various measurement techniques:  
1) The in-cylinder swirl flow exerts a dominant influence on the formation of flow structures 
and the generation of turbulence prior to TDC  
2) Cycle-to-cycle mean flow fluctuations are generally smaller when a strong, directed mean 
flow exists (higher swirl ratio) compared with un-directed flow (lower swirl ratio)  
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3) Turbulent intensities increase proportionally with the engine speed.  
4) The center of the swirl structure may not align with the geometric center of the chamber, 
which could possibly explain the asymmetric emission distribution later in the combustion.  
One should note that the imaging system associated with PIV measurement is usually expensive, 
for instance, a double pulsed high energy laser and a PIV camera are among the basic necessary 
equipment, not to mention the expertise required to operate these devices. Moreover, an optical 
accessible liner/piston is required for PIV measurement, which adds extra complexities on the 
engine configuration and operation. The PIV measurement, therefore, is not widely used in 
industry to replace the conventional port flow bench test for evaluating the in-cylinder swirl flow 
in the near future. In this regard, the correlation between the PIV measurement and global 
measurement from the case study is very important in terms of the correct interpretation of the 
information obtained from the global measurement. The correlation studies between steady state 
flow bench and PIV measurement is much less found in the literature. In one of the previous 
work [48], both the direction of swirl and the magnitude of the swirl coefficient measured with 
the swirl meter qualitatively correlated well with the ensemble averaged velocity distribution in 
the horizontal PIV plane. The magnitude of the maximum tumble coefficient for the three ports 
however, did not quantitatively correlate with the ensemble averaged velocity. This study used 
simplified port geometries and the correlation on more realistic/complicated port geometries are 
yet to be found. 
2.1.2 Turbulence characterization of the swirl flow 
The fuel vapor transports in the chamber and forms the mixture with air not only in integral 
length scales defined by the bulk motion of the in-cylinder flow, which is dominated by the mean 
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flow field, but also by much smaller length scales.  A number of PIV studies [50-56] have 
revealed the turbulence intensity as well as vorticity contour in the swirl plane, suggesting the 
local velocity fluctuations could play a pivotal role in air/fuel mixing.  Li et al. [50] reported that 
the velocity fluctuation field in the horizontal plane gradually becomes homogeneous as the 
piston moves up in the compression stroke. They also showed that the flow is considerably 
anisotropic because the integral length scale of any velocity fluctuation components along 
different spatial direction is different. Kang et al. [52] reveals that tumble motion has an 
influence on the integral length scale which is considerably increased by the break-down of large 
scale tumble motion into small scale eddies in the region close to TDC. Heim et al. [53] 
investigated the turbulence properties of the swirl flow using decomposition with different 
frequency cut-off value. They found the turbulence intensity is linear with engine speed and the 
ratio of turbulence intensity to mean piston speed was a unique function of cutoff frequency. 
Contrary to Li’s work, they reported that the longitudinal length scales were insensitive to 
direction separation, indicating a high level of isotropy in the flow. Peterson et al. [54,55] 
compared scalar and kinetic energy spectra and revealed them to agree well with Kolmogorov’s -
5/3 law up to wave numbers corresponding to approximately twice the PIV interrogation window 
size. Baum et al. [56] conducted tomographic PIV on IC engine flow to acquire the full 3D flow 
field. In their study, the 3D turbulent kinetic energy (TKE) is computed and compared to the 2D-
TKE determined from in-plane velocity components and reveals distinct regions of large out-of-
plane velocity fluctuations. Mantzaras et al. [57] examined the fractal nature of premixed 
turbulent flames in an internal engine using a sheet of laser light and TiO2 as seeding particles. 
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They found that the flames exhibit fractal character within a range of length scale as low as 200 
µm and as high as 4.5 mm. 
The reviewed studies are all conducted in an optical engine facility and focused on the in-
cylinder flow during the compression stroke while characterization of the turbulent flow during 
the induction stroke is much less found. Moreover, from the port design perspective, the optical 
engine setup that incorporates the piston motion could bring ambiguity when interpreting the 
results since the swirl and tumble motions are coupled. With the combined impact of both intake 
port and piston, it is difficult to justify that a certain intake port design, i.e. certain port 
orientation, shroud/non-shroud valve is more capable of producing swirl than the other.  
The same scenario also applies to the computations. The engine gas exchange simulation has 
received increasing attention in recent years and requires flow field test data validation. Although 
CFD code is already available to perform full-cycle, full geometry (i.e. the geometry model 
include the ports) transient simulation, such simulations are much more costly compared with 
steady state bench flow simulation, let alone substantial model validation work is still required. 
Meanwhile, Reynolds-Averaged-Navier-Stokes (RANS) model, such as RNG k-ε model is still 
almost exclusively used for turbulence modeling in industry at the moment, yet large eddy 
simulation (LES) or even direct numerical simulation (DNS) will be applied in engine simulation 
in the near future with the booming computation power. For those simulations with much higher 
computation cost, validation work through port/piston de-coupled configuration is apparently 
more cost-effective. 
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2.1.3 Intake port configuration 
The intake port connects the intake manifold to the cylinder. Historically, the intake port design 
is of more interest in the SI type engine development owning to the premixed combustion nature. 
For CI type engine, the injection pressures are sufficiently high that very little charge motion is 
required to complement the mixing energy provided by the fuel injection system for most heavy-
duty and larger engines. However, in many medium and light-duty engines, fuel injection 
pressure alone is not adequate to provide sufficient mixing at all engine operating conditions and 
the intake port and/or the intake valve opening must be designed to induce a swirling motion to 
the incoming air. Meanwhile, with the recent emergence of advanced combustion modes such as 
HCCI, PCCI and RCCI, in which the fuel injection occurs much earlier before the TDC, the 
intake port design and its impact on the in-cylinder swirl flow, is even more emphasized in the 
diesel engine community.  
Intake port shape is the most common means of controlling the charge motion within the 
cylinder. Three types of intake port designs are commonly used: tangential (also known as 
directional), helical and filling ports. Tangential ports are positioned in order to align tangentially 
with the outer diameter of the cylinder and at a relatively large angle relative to the cylinder axis. 
Tangential ports generate swirl through their orientation relative to the cylinder axis. A helical 
port on the other hand, is designed to generate swirl within the port before the flow enters the 
cylinder. It is shaped to force the intake air to flow around the valve stem as shown in Fig. 2.2 
[35]. Filling ports are designed to provide the greatest amount of air flow possible into the 
cylinder. They are generally positioned to force the flow into cylinder at as small an angle to the 
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cylinder axis (i.e., close to parallel) as possible. The filling port entry into the cylinder head is 
almost parallel to the cylinder axis.  
The impact of the intake port configuration, i.e. port shape, orientation, combination angle, has 
been studied in a number of studies [48,61-62]. Church et al. [60] focused on the intake port 
inclination angles and reported that the shallower the angle, larger the tumble ratio. Bevan et al. 
[48] investigated the impact of the intake port shape and correlation using PIV measurement and 
correlated it with steady flow results. It is found that the steady flow swirl and tumble 
characteristics were similar for the three geometries, but differed significantly with port 
orientation. Li et al. [61,62] also confirmed the significant impact of the inclination of the inlet 
port as the swirl ratio reduced by raising the port entrance. The limitations of these studies 
include simplified port geometry, i.e. only one intake valve, and restrained field of view due to 
hardware limitations. In this regard, more effort is required to characterize the impact of 
complicated port configurations on in-cylinder flow. 
2.1.4 PIV fundamentals 
Since the Particle Image velocimetry (PIV) is the major method used in this study, it is 
worthwhile to briefly review the fundamentals of the technique. PIV represents a quantitative 
extension of the qualitative flow visualization techniques that have been practiced for years. It is 
used to obtain instantaneous velocity measurements and related properties in fluids by recording 
the displacements of small tracer particles embedded in a region of a fluid. Compared with 
conventional single-point measurement technique such as HWA and LDV which is intrusive and 
time consuming, the PIV technique is a whole-field, non-intrusive measurement.  
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The PIV system is typically consisted of the following hardware: light source, light sheet optics 
seeding particle and camera. During the experiment, the light scattering particles are added to the 
flow. A laser beam, typically from a double pulsed laser, is formed into a laser sheet illuminating 
the seeding particles twice with a short time interval of ∆t. The scattered light is recorded onto 
two consecutive frames of a high resolution digital camera. The recorded frames will then be 
passed to certain software tool for image post-processing. In this process, the particle image of 
each camera is subdivided into small interrogation windows, with the average particle 
displacement determined by the cross-correlation followed by the localization of the correlation 
peak shown in Fig. 2.3. The velocity components (u,v) can be then extracted given the known ∆t 
and calibrated pixel length. From the velocity field, a range of spatial derivatives can be further 
calculated such as the vorticity and shear stress. Ensemble statics provide additional information 
like turbulent kinetic energy (TKE) or Reynolds stresses, which provided deeper insights on the 
dynamic flow field characteristics. For more comprehensive review of the state-of-the-art of this 
technique, the author would refer to the following REF [63-65]. 
2.2 Experimental Setup 
2.2.1 Flow Bench Setup 
The experiment contains two parts: bench flow paddle wheel measurement and PIV 
measurement, both of which were conducted under steady-state conditions. The schematic 
diagram for the general experiment setup is illustrated in Fig. 2.4. The basic experiment 
apparatus are very similar between the two measurements except the paddle wheel is removed 
from optical liner in the PIV measurement as shown in Fig. 2.5. The port tested is a four valve 
cylinder head with a bore of 99 mm and the valve and port configuration are shown in Fig. 2.6 
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and Fig. 2.7 respectively. The head employed valve chamfer for swirl generation. The 2D results 
presented later will have the same port orientation as shown in Fig. 2.6, so that a dominant 
counter clockwise rotating flow should be expected. This intake port consists of a tangential port 
and filling port for the two intake valves. With the long sweeping spine of the tangential port, 
this port configuration is expected to generate a strong swirl flow.  
A long inlet pipe was added before the cylinder head for the seeding consideration while an 
intake horn was used to connect the inlet pipe to the entrance of the cylinder head. The dummy 
liner, with 5 mm wall thickness, is made of acrylic to provide optical access. The preliminary 
tests revealed that the divergence of the laser sheet was significantly deteriorated due to the 
curvature of the liner, so the wall thickness was lessened to only half of the original thickness 
near the measuring plane as shown in Fig. 2.8. As such, the swirl plane where the PIV 
measurements were carried out has a wall thickness of only 2.5 mm and the laser sheet diffusion 
was much remedied. The groove mark at the exact measuring location actually also helped with 
the laser sheet alignment so that it was not tilted from the horizontal plane. A valve lift 
mechanism which is consisted of two digital dial indicators with precision of ±0.1 mm was 
mounted on top of the head to control the valve lift as shown in Fig. 2.9. The mechanism was in-
house made by machining a piece of bronze to fit the cylinder head with two holes drilled 
exactly aligned with the intake valve. Two M8 screws were used to control the valve lift. 
Another “П” shape metal piece was machined for mounting the two dial indicators with the tip of 
the indicator also aligned with the head of the screw. At the beginning of the experiment, one 
should first find the “zero” position by slowly tighten the screw until the valve was just about to 
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open and zero the dial indicator. Further tightening the screw will gradually open the valve with 
valve lift reading displayed on the dial indicator.     
A differential pressure sensor (Flow Performance LLC) with a precision of ±0.1 H2O'' was used 
to monitor the pressure across the valve maintained at 25 H2O''. Since a window is installed at 
the bottom of the liner for taking the image, a plastic three-way connection (4''×4''×3'') was 
installed to direct the downstream flow into a 30 gallon surge tank, which is also typically used 
in standard port bench flow test for regulating the pressure. The flow meter (FE2.0 Flow 
Element, Flow Performance LLC) installed between the surge tank and the three-way connection 
is used for reading the mass flow rate. The surge tank was further connected to an 8.5 horse 
power air blower (Atlantic Air Blower Model: AB-850), controlled by the variable frequency 
drive (VFD) (Hitachi Model: X200-075LFU). The air blower coupled with the VFD is 
responsible for driving the air through the valve at the required pressure difference.  
In the flow measurement, a low friction paddle wheel (Performance Trend Inc.) with precision of 
±1 RPM and paddle-to-bore-diameter ratio of 0.9 is mounted at 1.75 bore diameter beneath the 
head. An extra ring piece, as shown in Fig. 2.10, was machined using rapid prototyping and 
attached to the paddle wheel podium such that the podium has the same diameter as the liner to 
avoid any flow interference. Any potential spots for gas leakage on the system were sealed using 
clay so that ambient gas can be sucked in only from the inlet pipe. It is worthwhile to mention 
that all the pipes for connection were all at least of 1.5'' inner diameter to minimize flow 
restriction.  An extra section of dummy liner, with height of 0.5 bore, was added between the 
paddle wheel podium and the three-way connection to reduce the impact of the 3-way connection 
on the flow. Ideally, a longer section would be preferable to ensure no impact of the joint (i.e. 
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flow recirculation boundary layer separation), yet the length of this section has to balance with 
the focal length of the camera. A simple CFD simulation was carried out and confirmed that with 
current extra section, the impact of the connection would be negligible. In the PIV measurement, 
the paddle wheel as well as the two liner sections were all removed and replaced with another 
acrylic liner. This liner, with the length equal to the sum of previous two liners plus the paddle 
wheel podium, was installed to ensure that the two measurements shared exact same dimension 
of the facility and the comparison is solid.   
2.2.2 PIV Setup 
2.2.2.1 Lighting and camera 
The schematic of the optical setup can be found in Fig. 2.11 and the real optics layout is also 
illustrated in Fig. 2.5b. A dual cavity Gemini Nd:Yag laser (New Wave Research, Inc.) with 
repetition of 15 Hz was used as the light source. The laser is capable of producing pulse energy 
of 100 mJ at 532 nm with 5 ns pulse width and 4.5 mm beam diameter. The camera is a 12-bit 
frame straddle CCD (PIVCAM 13-8) with a resolution of 1280 pixels by 1024 pixels. The laser 
beam was expanded in the horizontal direction to form a laser sheet using a combination of a 
cylindrical lens and a spherical lens. The details of the lens can be found in Fig. 2.11. The 
curvature of the cylinder windows further increased the divergence of the laser sheet in the 
horizontal direction allowing the majority of the cylinder to be illuminated by the laser. The 
resulting laser-sheet was approximately 100 wide and 1 mm thick at the center of the cylinder. A 
high-energy mirror and a prism mounted on a translation stage precisely directs the laser sheet 
into the cylinder such that it is normal to the bulk flow motion and parallel to the cylinder head. 
Two measuring planes, located at one bore (1B) and 1.75 bore (1.75B) beneath the cylinder head 
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respectively were chosen. The images were captured through a 45o degree window placed at the 
bottom of the cylinder providing full-field coverage.  
The major concern of the laser sheet is its intensity and orientation. For this the particular in-
cylinder swirl flow study, the sheet has to be “horizontal” as shown in Fig. 2.3, which means it 
cannot be tilted left, right, upwards, downwards or diffused. At the beginning of the experiment, 
the laser always requires a certain warm up time before charged to the maximum power. It is 
suggested to perform the laser sheet orientation check during this period with the minimal laser 
power that one can barely visualize with the human eyes. An easy way to examine if the laser 
sheet is tilted from left or right is to place a piece of paper behind the cylinder, on which a 
perfect horizontal line illuminated by laser should be observed. If not, adjust the optics (most of 
the time only the prism adjustment is needed) until a horizontal line is presented. To examine if 
the sheet is tilted upwards or downwards is a little more involved as no initial reference marker is 
available. To solve this issue, a groove was marked exactly at the measurement plane location 
for the alignment as shown in Fig. 2.8. As mentioned, the initial consideration to re-machine the 
acrylic cylinder is to reduce the wall thickness such that the laser sheet diffusion due to the liner 
curvature can be much lessened. It turned out this particular measure killed two birds with one 
stone.   
The light intensity is essentially limited by the hardware; however, the camera focus can make a 
world of difference on the final data quality. A mounting rail was machined to facilitate the 
camera focus. The camera can be mounted on the rail and easily moved forwards and backwards. 
The camera focus and aperture adjustment has to be conducted with the presence of the seeding 
particles and laser powered on, which essentially make the camera setup, particle seeding and the 
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laser power tuning interactive, with change in one place can affect the other. For example, high 
seeding density together with high laser power may result in image saturation, or pixel-locking in 
the post-processing (pixel-locking means an illuminated particle is made up of several pixels 
with equivalent pixel value instead of pixel gradient with higher value in the center and lower 
values surrounding it) . Meanwhile, low seeding density and illumination intensity may cause 
difficulties in the camera focus and prone to wrong vector detection in the post-processing. Note 
this calibration process is different from the camera focus in the constant volume chamber as will 
be discussed later, in which the camera focus adjustment is a “static” procedure. Therefore it 
takes patience and practice to master the overall control of the entire system. The camera focus is 
good until the particles can be clearly visualized on each frame.     
2.2.2.2 Seeding 
Seeding the flow with light reflecting particles is necessary in order to image the flow field. The 
particles should be small enough to follow the flow but large enough to reflect the required 
amount of light for camera detection. In gas flow, the density difference between the gaseous 
bulk fluid and the particles should be small otherwise significant velocity lag can be resulted. 
The determination of the seeding particles must be thoughtful because many liquid droplets tend 
to evaporate rather quickly. Solid particles are difficult to disperse and tend to agglomerate. In 
these scenarios the particles must be injected into the flow shortly before the gaseous medium 
enters the test section. The injection has to be done without significantly disturbing the flow, but 
in a way and at a location that ensures homogeneous distribution of the tracers. Experimentalist 
health is another consideration as inhale seeded air could be dangerous for certain seeding 
particles.  
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For these considerations, the flow was seeded with olive oil droplets using a pressure-driven 
atomizer in the current study. The particles, ranged in diameter from 1 to 3 µm, were delivered to 
the inlet pipe at a location l/D >30 to ensure homogeneous particle distribution before entering 
the liner. Assuming Stokes drag, the response time µρτ 18/2 pps d=  of these particles is 
approximately 1 µs. Therefore it is reasonable to assume that the particles can loyally follow the 
flow.  
The seeding homogeneity is another concern as in-homogeneous seeding could result in poor 
data quality. An extension of the pipe was therefore added before the inlet of the port to provide 
sufficient mixing time between the particles and the air. The seeding density should also be 
properly controlled through the pressure of the atomizer. A good rule of thumb is that around ten 
particles should be correlated for each measured velocity vector [63]. During the experiment, it is 
found that a good seeding density sometimes may cause window fouling especially at large valve 
lift cases with higher flow rate and deteriorate the image quality. To solve the issue, the window 
has to be removed such that hands can stretch into the cylinder from the bottom to clean the inner 
surface of the liner after every three to four cases.  
2.2.2.3 Velocity lag 
One of the primary concerns in the PIV measurement is the time delay between the pulses. It 
should be long enough to capture the displacement of the particles and short enough to avoid the 
particles with an out-of plane component leaving the laser sheet. In the current setup, the laser 
sheet is perpendicular to the bulk flow motion, which means each particle has a strong out-of 
plane velocity component and an improper choice of time delay could result in enormously high 
noise in the cross-correlation plane during the post-processing. A good rule of thumb that 
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determines the velocity lag is that the particle out-of-plane displacement between the two 
consecutive frames should be smaller than a quarter of the sheet thickness whereas its in-plane 
displacement should be smaller than a quarter of the interrogation window size [63]. In this 
study, the former one is the primary limitation, as the bulk flow velocity (obtained from the mass 
flow rate measurement) multiplies ∆t should be at least smaller than a quarter of the laser sheet 
thickness. A proper time delay was chosen for each valve lift case based on the preliminary test 
and summarized in Table  2.1. The preliminary test was essentially a sweep of the time delay to 
find the optimized value that provided the best valid vector validation rate in the post-processing. 
2.2.3 Image Post Processing  
PIV image processing is done using the commercially available software Davis 8.2. For the 
detailed features of the software, the reader is referred to the user manual. The general image 
processing procedure is consisted of following parts:  
1). Import the recorded frames to the software. Note the software typically requires the 
image files renamed according to a certain criterion before being imported. 
2). Mask the region of interest in which the post-processing will be performed. In this case, it 
is a circle represented by the cross section of the cylinder. 
3).  Provide the length calibration of the image. In this case, the diameter of the circle is the 
cylinder bore, 99 mm.  
4).  Subtract the background signal from the data images by calculating a mean background 
image.  
5).  Setup the solver, which includes:  Multi-grid interrogation starting with 64 × 64 pixels 
and ending at 16 × 16 pixels, combined with a window overlap of 50%. This configuration will 
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yield a spatial resolution for the velocity measurement of around 1.6 mm. A least squares 
Gaussian sub-pixel peak fit is used for the correlation peak detection.  
6). Setup the validation parameters. For the vector validation, a maximum displacement is 
set for each valve lift case and a 3×3 median filter is applied to reduce high frequency noise. 
Also a signal-to-noise ratio filter is applied with a minimum value of 1.1. The eliminated vectors 
are replaced by vectors acquired by bi-linear interpolation. When neighboring vectors are also 
marked as outliers, a Gaussian weighted interpolation is used. The resulting velocity vector fields 
should be able to remove erroneous vectors with a 95%-97% valid final vector yield achieved in 
the measuring plane. 
7). Run the post-processing and generate “.vec” file for either direct flow visualization or 
further data analysis. Davis 8.2 provides very strong image presentation tools although users can 
also use other tools such as Tecplot or Ensight to load the ‘.vec’ for presentation. The “.vec’ file 
should contain five columns: x-position, y-position, U-velocity, V-velocity, mask. “Mask” 
indicates if this particular point is inside the ROI or not. In these post-processing tools, the 
velocity field featured by the streamlines and the magnitude contour can be directly plotted. 
Further data regression, i.e. vorticity, TKE etc. from the “.vec” files will be illustrated in 
Section 2.2.4.  
8). The parameters chosen in Step 5 and 6 depend on the requirements on the data and 
essentially needs fine tuning and require iterations of Step 7. The main goal of the iterations is to 
obtain the settings that provide the optimal vector validation rate.  It should be pointed out that 
the poor validation resulted from experiment setup, i.e. seeding homogeneity, camera focus, 
scattering intensity, background noise etc. may not be totally compensated through image post 
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processing. If it is indeed an issue from the experiment and the validation is extremely poor 
regardless of the settings, then one has to revisit the aforementioned issues, make the proper 
modifications and repeat the experiment.  
2.2.4 Data Regressing 
In the bench flow tests, flow coefficient Cf, swirl coefficient Cs, and swirl ratio Rs are the 
parameters to characterize the engine head. The swirl ratio Rs is associated with the rotation 
speed of the crank shaft in the engine, thus it will be of little relevance in this study since the 
flow tests were done under steady-state condition. The flow and swirl coefficients are measured 
at discrete valve lifts. The flow coefficient is a measure of the actual mass flow rate to the ideal 
mass flow rate passing through the head and is defined as: 
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where m& is the measured air mass flow rate, aρ  is the air density, Av is the valve inner seat area 
and UB is the Bernoulli velocity given by: 
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where ∆P is the pressure drop across the test section. The flow coefficient Cs is a characteristic 
non-dimensional rotation rate and is calculated for paddle wheel using: 
B
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                                                           (2.3) 
where ω is the rotation speed read from the paddle wheel.  
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In the PIV measurement, ensemble averaged velocity was calculated by averaging 800 individual 
velocity fields at each velocity vector grid point for each valve lift case. A preliminary test which 
sweeps total number of samples suggests the TKE converge after 800 samples for the maximum 
flow rate case, therefore all the test cases were ensemble averaged over 800 individual samples 
for the rest of the study.   
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ux,y is the instantaneous velocity. The velocity fluctuations can then be decomposed from the 
ensemble averaged velocity by: 
xxx Uiuiu −=′ )()(                                                    (2.5) 
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The turbulent kinetic energy k, was calculated at each velocity vector location for each valve lift 
case 
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The multiplication by the 3/2 term assumes the flow is isotropic to convert the two-dimensional 
turbulent kinetic energy to its three-dimensional equivalent [53]. In this study, the tangential 
velocity and angular momentum is of particular interest for the correlation between the PIV 
measurement and conventional paddle wheel swirl ratio measurement, thus the data regression 
procedure for tangential velocity and angular momentum will be detailed as follows. The 2D PIV 
data is essentially an array containing all the velocity vector information, i.e. x, y-coordinate, and 
u, v-velocity component at each grid point. Assume xc and yc are the coordinates of the origin to 
which the tangential velocity correspond (this could be either geometric bore center or the swirl 
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center obtained from the ensemble averaged flow field), and at a specific location with 
coordinates xL and yL, we have the velocity component ux and uy from the PIV image, then we 
have a position vector   (xL-xc, yL-yc) and a velocity vector   (ux, uy). The diagram of the velocity 
transformation is illustrated in Fig. 2.12. To obtain the tangential velocity, the angle between the 
velocity vector and position vectors can be calculated based on basic linear algebra: 
)arccos(
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=θ                                                         (2.8) 
then the tangential velocity can be expressed as: 
fvv ⋅⋅= θsintanr                                                         (2.9) 
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Note here the sign of the cross-product between   and is used to determine the rotation direction 
of the tangential velocity. Meanwhile, the angular momentum for a specific vector can be 
expressed as: 
)( vmrM p vv×=                                                            (2.11) 
mp is the mass of the gas particle, which can be prescribed as a unit here. Since the experiment 
was conducted under room temperature and the temperature inhomogeneity is negligible, it is 
reasonable to assume uniform mass inside the swirl plane. The total angular momentum for a 
certain case then can be further obtained by summing up over all the vectors from the PIV data. 
Both the tangential velocity and angular momentum analysis were performed upon the ensemble 
averaged velocity field. 
Vorticity analysis is generally used to identify the location of vortices. Vorticity, ω is defined as: 
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The disadvantage of vorticity, as discussed in the previous studies [63], is that it not only 
identifies the vortex cores, but also any shearing motion present in the flow. Therefore, swirling 
strength has been proposed and used as a more robust vortex identification parameter in the 
vortex statistics studies. The calculation of the swirling strength will be detailed as following. 
The local two dimensional velocity gradient tensor, ∆2-D, defined as in Eq. 2.13, will have either 
two real eigenvalues or a pair of complex conjugate eigenvalues λr ± λci, previous studies [64] 
had showed that the strength of a local swirling motion can be quantified by λci, which they 
define as the swirling strength of the vortex.  The unsigned swirling strength λci is always ≥0, but 
a sign can be prescribed based of the value of the local vorticity to show the direction of rotation 
as illustrated in Eq.2.14 [24] 
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2.3 Results and Discussion 
2.3.1 Bench Flow Test Results 
Fig. 2.13 and Fig. 2.14 show the flow coefficient and swirl coefficient with different valve 
opening (different valve lifts), respectively. In the conventional standard bench flow test which 
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uses air blower to suck the air from downstream, usually no extra components/accessories are 
added before the cylinder head and the upstream pressure is considered as atmospheric. In this 
study, however, an extra section of inlet pipe together with the intake horn is added before the 
cylinder head mainly for the purpose of seeding particles delivery. The additional pipe 
connection as well as the location of the upstream pressure probe potentially can affect the flow 
characteristics through the port. Therefore the impact of the inlet pipe should be evaluated first.   
A total of four different configurations, namely a) without intake horn and inlet pipe, ambient 
upstream pressure, b) with intake horn without inlet pipe, the upstream pressure probe mounted 
on the horn c) with both intake horn and inlet pipe, the upstream probe mounted on the horn, d) 
with both intake horn and inlet pipe, the upstream probe mounted on the inlet pipe, were tested to 
ensure the modification of the test layout will have minimal impact on the flow measurement. 
The pressure differences for all ten valve lift cases were maintained at 25 H2O'' (6221 Pa), and it 
was initially speculated that the location of the pressure probe for monitoring the pressure 
difference could have an impact. It can be observed that the different layout had negligible 
impact on the flow coefficient, which ranges from 0.11 to 0.68, indicating the pressure drop 
induced by the extra components is very small; however, noticeable discrepancy can be seen on 
the swirl coefficient chart among different layouts. The configuration with intake horn and 
without inlet pipe saw the lowest swirl efficient throughout the entire test range. Adding the inlet 
pipe resulted in relatively higher swirl coefficients regardless the mounting location of the 
pressure probe. The difference among the layout could possibly explained by the flow separation 
or recirculation induced by the 90 degree bend of the intake horn, yet it is hard to reach any 
conclusive point unless a full-dimension CFD is performed to analyzed the flow structure inside 
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the horn. At the moment, by comparing layout a), which is the standard layout used by the 
manufacturer, and layout d), the largest discrepancy is less 4%, thus layout d) is chosen as the 
test setup for the PIV measurement. 
2.3.2 Ensemble Averaged Flow Field Analysis 
Fig. 2.15 shows the example of a pair of raw images before post-processing. Note the camera is 
mounted on a horizontal translating stage and can be adjusted such that the cylinder bore 
occupies the entire image field of view. Fig. 2.16 illustrates an instantaneous and ensemble 
averaged velocity field acquired from PIV measurement at 1B plane with valve lift L/ Din =0.17.  
The high spatial resolution reveals the complex local flow structure at an instantaneous moment. 
The ensemble average flow field, displayed by every other vector for clarity, clearly filters the 
local vortices and shows the location of the swirl center of the mean flow. Using Reynolds 
decomposition, local velocity fluctuations in each instantaneous velocity field were obtained and 
can be further used to calculate the turbulent kinetic energy. Fig. 2.17 illustrates the streamline of 
the mean flow field at different valve lifts contoured by the velocity magnitude. The range of the 
contour is set from the minimum to the maximum in each corresponding figure thus it also 
directly reflects the velocity magnitude by just checking the maximum value. The orientation of 
the cylinder is the same as shown in Fig. 2.6, thus a dominant counter-clockwise rotation flow is 
expected. Some streamlines seems to originate from "outside" into the chamber which was 
caused by the lack of seeding particles at the near-wall region.  The light scattered from the 
optical liner may also contribute to the near-wall noise in the image post-processing. Judging 
from their magnitude, the influence of the near-wall noise on the bulk flow analysis should be 
negligible as long as no boundary layer analysis is performed. With the streamline plot, the swirl 
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center can be easily visualized at each valve lift. It is not surprising to see that the swirl centers 
are off from the geometry bore center, which will be referred as geo-center in the rest of the text. 
More interestingly, the radial profile of the velocity with origin to the swirl center is apparently 
not uniform particularly from valve lift L/Din = 0.10 to L/Din =0.24 by inspection of the 
streamline. In other words, the rotation of the swirl is not axisymmetric, which confirms the non-
solid-body rotation inside the cylinder. This finding also suggests the limitation of results from 
single-point measurement such as LDV, because the radial profile of the velocity can be 
dependent on the center line chosen for measurement. For all the cases except the lowest valve 
lift, the upper left and lower right region saw the higher velocity magnitude which is mainly due 
to the impact of the valve chamfer. The lowest valve lift case, however, has higher velocity in the 
entire outer region of the bore indicating a relatively axisymmetric velocity profile towards the 
intake valve close.  
Fig. 2.18 shows the flow structure at two different planes. Since the color bar uses auto-scale for 
the presentation, the maximum velocity at each respective plane is directly reflected. The 1.75B 
plane features a dominant swirl center regardless of the valve lift while at 1B center, vortex with 
much lower velocity magnitude, which are also defined as secondary swirl centers for the 
remainder of the text, were observed during the middle valve range lift (from valve lift L/Din = 
0.10 to L/Din =0.24). Such observations suggest complex flow behavior at upstream during the 
valve opening and closing process. In particular, the secondary vortices centers were close to the 
cylinder wall indicating the complex boundary layer mechanism.  
Fig. 2.19 illustrates the swirl center movement of the ensemble averaged flow field at two 
different planes. Such analysis was also performed in other PIV in-cylinder flow measurements 
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[45-46], but usually on the optical engine. From Fig. 2.19a to Fig. 2.19b, one can easily note that 
the secondary swirl center disappeared at further downstream. It is also observed that the center 
location shifts towards the geo-center with increasing valve lift at further downstream. Both 
observations indicate that the air flow become regular and fully developed as it flows downwards 
along the liner which is consistent with the findings in Fig. 2.18. Moreover, the deficiency of the 
bench flow test is revealed that it cannot capture the detailed flow structure information at the 
upstream where the spray and combustion takes place. 
A more important motivation for the swirl center analysis is to introduce the tangential velocity 
with origin to the swirl center.  Tangential velocity is apparently of significant interest in the 
engine gas exchange for a number of reasons. From the modeling perspective, a simulation must 
initialize the flow field in close-cycle engine modeling based on some assumed swirl center 
(either geo-center or some distance off the geo-center) and swirl ratio. The tangential velocity 
profile, for example, in the CFD code of KIVA, is approximated using Bessel functions of the 
first kind. Previous PIV studies have supported this model and reported optimized constant of 
Bessel function [45]. From the bench test point of view, it helps to correlate with the paddle 
wheel rotation speed, which is the focus of this study. The procedure of transforming the PIV 2D 
data to tangential velocity was detailed in the previous section. Fig. 2.20 shows tangential 
velocity and angular momentum derived from the tangential velocity at the highest valve lift 
L/Din = 0.34. Positive values indicate counter clockwise rotation and vice versa. Negative values 
close the swirl center resulted from choosing the center of the bore, referred as “geo-center”, as 
the origin, which could affect the paddle wheel and impulse torque meter measurement 
depending on how far off from the swirl center.  
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The tangential velocity and angular momentum contour at various valve lifts were shown in Fig. 
2.21 and Fig. 2.22 respectively, with + indicating the swirl center. It should first be noted that 
none of the contours present an axisymmetric pattern, indicating that the tangential profile cannot 
be approximated using a single Bessel function, at least under steady state conditions. Moreover, 
in the tangential velocity contour, the zero areas correspond to the velocity towards the swirl 
center, indicating a possible shear flow in these regions. Such shear flow could potentially affect 
the paddle wheel /impulse torque meter measurement which has been rarely mentioned in the 
literature.  
2.3.3 PIV-Bench Flow Test Results Correlation 
To further investigate the different parameters measured from both PIV and test bench, average 
angular momentum with origin to both geo-center and swirl center, turbulent kinetic energy, 
swirl coefficient and flow coefficient are plotted in Fig. 2.23. The angular momentum as well as 
the turbulent kinetic energy was averaged over the entire flow and over all samples. Notice the 
averaged angular momentum with origin to the swirl center in the 2D flow field should be a 
more accurate parameter to evaluate the swirl intensity. It can observed in Fig. 2.23a that the 
angular momentum with origin to both centers presented subtle difference between each other 
indicating the impact of the swirl center off from the geo-center is not significant as long as a 
dominant swirl exits in the flow field. It is interesting to see though, that the trend between the 
angular momentum derived from PIV measurement and the swirl coefficient does not completely 
coincide particularly at lower valve lift. The cause of the difference is perhaps due to the fact that 
paddle wheel swirl measurement is based upon the solid-body rotation hypothesis while in the 
real swirl flow this hypothesis does not hold as can be seen in both previous streamline plots and 
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tangential velocity contours. The difference also further suggests that the swirl coefficient 
measured by the paddle wheel method may not precisely reflect the ability of a certain port to 
generate swirl. Comparing the swirl coefficient with average TKE shows even more substantial 
difference. The TKE suggests the turbulence level of the swirl field and how much air/fuel 
mixing enhancement can be potentially benefited from a given port design. The different trends 
between the turbulent kinetic energy and swirl coefficient suggest that the swirl ratio measured 
by a given cylinder head cannot be directly used to evaluate the turbulence level of the in-
cylinder flow of the same head. On the other hand, it is suggested in Fig. 2.23b that average TKE 
correlates reasonable well with the flow coefficient, indicating the flow coefficient is a better 
indicator of the TKE generated by a given port.  
2.3.4 Turbulent Characteristics 
2.3.4.1 Turbulent Kinetic Energy 
Fig. 2.24 and Fig. 2.25 illustrate the ensemble averaged velocity field and the corresponding 
turbulent kinetic energy field. The TKE generated by the swirl motion is of particular importance 
as it feeds the energy for air/fuel mixing and consequently defines the mixing level of the fuel 
vapor for the subsequent combustion. Acquiring the TKE of the swirl flow is not only important 
for evaluating the port design, but also helpful in guiding the spray location or direction such that 
the air/fuel mixing could take place at the point with highest TKE in the swirl flow. The 
maximum value used in the color bar of the TKE contour reflects the real range of the TKE in 
the corresponding case, thus it can be directly used for comparison. Comparing the TKE at 1B 
and 1.75B, it is clearly shown that TKE decreased with the measuring plane moving further 
downstream of the dummy liner although their distribution shows very similar pattern. The 
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reduction is mainly induced by the energy dissipation along the liner. The TKE produced by the 
intake port with different valve lift also presented drastic difference. The TKE at L/ Din =0.34 
(almost fully open) shown in Fig. 2.24 was much more uniform compared L/ Din =0.17 (middle 
open) as shown in Fig. 2.25, indicating that the TKE becomes more homogeneous in the swirl 
plane. To further investigate, the averaged TKE over the entire flow field as well as the 
maximum local TKE at each valve lift were collected and shown in Fig. 2.26. It is interesting to 
note that the averaged TKE increases initially with the valve opening but remained to 
approximately constant after passing a certain valve lift regardless of the measuring plane. The 
hump on the 1B plane suggests the TKE even dropped slightly. It is admitted that TKE contour 
presented here is associated with a specific port configuration, yet the general description of 
TKE can be reach based on observation: at low valve lift range, the TKE of the swirl flow 
increase as the valve opens, after valve open to a certain point (approximately middle valve lift) 
the TKE does not increase anymore and remained at a constant level, the distribution of the TKE, 
however, tends to become more homogeneous in the flow field. This coincides with previous 
studies [66,67] conducted in the optical engine which reveals that the peak turbulence level occur 
in the mid-induction stroke and decay rapidly thereafter such that the induction generated 
turbulence will have substantially dissipated by intake valve closure. 
2.3.4.2  Swirling Strength 
It is also noted that the highest TKE spots do not correlate with any ensemble averaged flow 
properties such as the swirl center or the highest ensemble average velocity. It is thus speculated 
to be related more closely with the small-scale flow structure in the flow field. Fig. 2.27 shows 
the instantaneous vorticity and swirling strength contour at 1B with valve lift L/ Din =0.03. It is 
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apparently shown that using vorticity alone incurs ambiguity in identifying the local vortex core. 
Swirling strength, on the hand, discerned vortex cores much more clearly. The comparison 
between vorticity and swirling strength also suggests shearing motions to be present in the swirl 
plane. To compare the vortex statistics among different valve lift and different plane, the swirling 
strength PDF is displayed in Fig. 2.28. The PDF was calculated based on the swirling strength 
value at each grid point, so it does not provide information on the size of the vortex cores. The 
positive value suggests counter clockwise (CCW) rotation and vice versa. Although the 
ensemble averaged field presented a dominant vortex, the swirling strength PDF reveals 
symmetric pattern especially at high valve lift cases, indicating there are as many CW vortices as 
CCW vortices in the field. The peak count appears at around ± 0.6 1/s2 for all the case, yet the 
tail of the PDF expands on both positive and negative sides indicating stronger vortices detected 
at higher valve lift cases. After 5 mm valve lift, the swirling strength PDF appears to be similar 
indicating that further opening the valve did not increase the local vortices, which is consistent 
with the TKE distribution as aforementioned. At the further downstream 1.75B plane, the cases 
reveals similar pattern except at the lowest valve lift case where PDF presents just one peak (all 
grouped around zero) indicating very weak local swirling strength. For other valve lift cases, the 
peak count appears at ± 0.4 1/s2, suggesting the swirling strength weakens along the dummy liner 
which also agrees with the TKE results. Again the higher valve lift cases shows expansion of the 
profile at the tails, reflecting stronger vortices at higher valve lift cases. 
2.3.5 Impact of the Intake Port Design 
To evaluate the impact of intake port configuration on the flow structure, two different port 
designs with same valve size and cylinder bore were tested. The exact same valve and bore 
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dimension ensure that the impact is solely from the port geometry. As shown in Fig. 2.29, the 
Port I, which is also the baseline port used in the previous study, has a throat portion formed in a 
linear shape and opening in a tangential direction of the inner periphery of the cylinder, while the 
second port formed in a helical shape. In the configuration of Port II, the first port is a filling port 
which has a throat portion formed in a raised shape and opening in a perpendicular direction to 
the swirl plane of the cylinder, while the second port formed in a helical towards the first port. In 
brief the first port design is aimed to introduce higher swirl ratio while the second design 
emphasizes on higher volumetric efficiency.  
The streamline comparison in Fig. 2.29 suggest that at small valve lift conditions, the flow 
structure is relatively similar between the two port designs while more appreciable difference can 
be noted at higher valve lift as Port II displayed a much stronger secondary swirl.  Such flow 
structure is most likely induced by the filling port design such that a strong perpendicular 
downward flow cut the swirl into two major vortices. From a mixing point of view, this is an 
interesting observation because the mixing scale is also essentially cut into half with two sizable 
vortices present in the swirl plane. The flow structure alone is not sufficient to evaluate its 
potential impact on air/fuel mixing. A further TKE analysis is also performed on both port 
designs to further illustrate the geometry impact. The color bar on Fig. 2.30 again is auto-scaled 
by the maximum inside the plane such that the magnitude is directly reflected.  As the valve lift 
increases, the local maximum TKE for Port II became substantially higher than that from Port I, 
which could be due to the reduced vortex size.  The distribution of the TKE is also extremely 
non-uniform and no apparent trend was noticed on their locations.   
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2.4 Conclusion 
A high-resolution PIV measurement has been carried out on a steady-state bench rig to study the 
large-scale flow characteristics through a four-valve cylinder head. The cylinder head employed 
intake valve chamfers for swirl generation. Two dimensional velocity fields from eight hundred 
samples at each valve lift under steady state conditions were acquired to analyze ensemble 
averaged mean velocity and velocity fluctuations of the swirl motion. The velocity fields under 
Cartesian coordinates were further transformed into polar coordinates so that both the tangential 
velocity field and angular momentum can be obtained. Based on the analysis of the bench flow 
test data and streamline, tangential velocity, angular momentum and turbulent kinetic energy 
obtained from PIV measurement, the following conclusions can be reached:  
• Different experiment layout, in particular, the inclusion of intake horn or inlet pipe has 
negligible influence on the flow coefficient measurement, yet noticeable impacts on the swirl 
coefficients suggesting possible flow structure modification with these attachments.  
• The swirl center of the flow does not coincide with the geometric center; its movement shifts 
towards the center with increasing valve lift. It is also found that the air flow become regular 
and fully developed as it flows downwards along the liner with secondary swirl center 
disappeared in the swirl plane. 
• The tangential velocity contour not only confirms non-solid-body rotation of the flow, but 
further suggests that the flow field may not be correctly described by a single tangential 
velocity radial profile, which is a very common practice to initialize the flow field in close 
cycle engine simulation. The profile depends on the centerline chosen for measurement, 
indicating the limitation of the single-point measurement.  
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• The swirl coefficient, obtained from the paddle wheel measurement correlates well with the 
angular momentum in the swirl plane particularly at large valve opening, however, it may not 
precisely predict the ability of a given port due to the non-solid-body rotation of the swirl 
flow, and it certainly cannot correlate with the turbulent kinetic energy a certain port design 
is able to produce. On the other hand, the flow coefficient is a better indicator of the TKE 
generated by the port. 
• At low valve lift range, the TKE of the swirl flow increase as the valve opens, and after valve 
open to a certain point (approximately middle valve lift) the TKE does not increase further 
and remains at a constant level, though the distribution of the TKE tends to become more 
homogeneous in the flow field.  
• The swirling strength was used to identify the local vortex core on the flow field and its 
probability density function was acquired under each valve lift case. The swirling strength 
statistics showed consistent results with the TKE distribution suggesting a strong relation 
between TKE generation and small-scale vortices present in the instantaneous flow field.  
• The combination of helical port and filling port produced dual-vortices features in the swirl 
plane, which features higher TKE than the combination of tangential port and filling port. 
Such features are desirable for air-fuel mixing, suggesting helical-filling port combination is 
a better design in this regard.    
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Table  2.1  Bulk velocity and time delay for each valve lift case 
Valve lift L/D 0.03 0.07 0.1 0.14 0.17 0.2 0.24 0.27 0.31 0.34 
Bulk velocity 
perpendicular to the 
laser sheet (m/s) 
1.53 3.47 5.18 6.76 8.19 9.02 9.49 9.67 9.75 9.96 
Time delay between 
pair of images (µs) 
20 18 15 12 8 8 5 5 3 3 
 
 
Fig. 2.1 PIV principle illustration 
 
 
Fig. 2.2 Tangential and helical intake ports [35] 
  
Fig. 2.3 Laser sheet orientation
Fig. 2.4 Schematic of the experiment setup
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Fig. 2.5 Experiment Setup for a) paddle wheel measurement, b) PIV measurement 
 
 
Fig. 2.6 Valve configuration 
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Fig. 2.7 Port Configuration 
 
 
Fig. 2.8 The optical “dummy” cylinder 
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Fig. 2.9 Valve lift mechanism 
 
a) 
 
b) 
Fig. 2.10 a) Paddle wheel b) Designed ring piece to be attached to the paddle podium 
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Fig. 2.11 Optical Setup for PIV measurement 
 
Fig. 2.12 Velocity transform 
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Fig. 2.13 Flow coefficient under various port configuration, a) without intake horn and inlet 
pipe, ambient upstream pressure, b) with intake horn without inlet pipe, the upstream pressure 
probe mounted on the horn c) with both intake horn and inlet pipe, the upstream probe mounted 
on the horn, d) with both intake horn and inlet pipe, the upstream probe mounted on the inlet 
pipe. 
  
Fig. 2.14 Swirl coefficient under various port conf
pipe, ambient upstream pressure, b) with intake horn without inlet pipe, the upstream pressure 
probe mounted on the horn c) with both intake horn and inlet pipe, the upstream probe mounted 
on the horn, d) with both intake horn and inlet pipe, the upstream probe mounted on the inlet 
pipe. 
Fig. 2.15 An example of raw 
52 
iguration, a) without intake horn and inlet 
 
image pair before post-processing 
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Fig. 2.16 Instantaneous velocity and ensemble averaged velocity at 1B plane with valve lift 
L/ Din =0.17 
 
                                                           Fig. 2.17 (cont.) 
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                                                          Fig. 2.17 (cont.) 
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Fig. 2.17 Streamline contoured by the velocity magnitude at different valve lifts at 1.75 B 
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                        1B Plane                         1.75B plane 
 
                                                          Fig 2.18 (cont.) 
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                        1B Plane                         1.75B plane 
 
                                                        Fig 2.18  (cont.) 
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                        1B Plane                         1.75B plane 
Fig. 2.18 Comparison of the velocity field at 1B plane and 1.75B plane 
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a) 
 
b) 
Fig. 2.19 Swirl center at different valve lifts a) 1B plane, b) 1.75 B plane 
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Fig. 2.20 Tangential velocity and Angular momentum at 1.75B plane with valve lift L/ Din 
= 0. 34, a) with origin to the swirl center b) with origin to geometric center, + indicates the swirl 
center 
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Fig. 2.21 Tangential velocity with origin to swirl center at 1.75B plane with different valve 
lift, + indicates the swirl center 
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Fig. 2.22 Angular momentum with origin to swirl center at 1.75B plane with different valve 
lift, + indicates the swirl center 
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a) 
 
b) 
Fig. 2.23 a) Angular momentum and swirl coefficient correlation b) Turbulent kinetic 
energy and flow coefficient correlation 
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Fig. 2.24 Ensemble averaged velocity (m/s) and turbulent kinetic energy (m2/s2) with valve 
lift L/ Din =0.17, a) 1B plane, b) 1.75B plane 
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Fig. 2.25 Ensemble averaged velocity (m/s) and turbulent kinetic energy (m2/s2) with valve 
lift L/ Din =0.34, a) 1B plane, b) 1.75B plane 
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Fig. 2.26 Average and maximum turbulent kinetic energy at different measuring plane 
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Fig. 2.27 Instantaneous vorticity and swirling strength at 1B plane with valve lift L/ Din 
=0.03 
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Fig. 2.28 Swirl strength PDF at a) 1B plane, b) 1.75B plane 
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Port I Port II 
 
 
 
 
 
 
Fig. 2.29 (cont.)  
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Port I Port II 
 
 
 
      
Fig. 2.29  Ensemble averaged Streamline at the 1B plane for two ports  
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Port I Port II 
 
 
 
 
 
 
Fig. 2.30 (cont.)  
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Port I Port II 
 
 
  
  
Fig. 2.30 Turbulent Kinetic Energy at 1B plane for two ports 
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Chapter 3 Impact of Swirl Flow on Air/Fuel Mixing – A Simulation Study 
 
The swirl flow generated in a four valve, four stroke engine cylinder head has been measured 
and analyzed in the last chapter. The impact of the port design on the charge motion is also 
illustrated. In reality, the in-cylinder flow is complicated and could be affected by other 
component geometries, i.e. piston shape. One of the major limitations in the experiment work 
conducted in Chapter 2 is that the piston is not included, thus making the flow unconstrained. 
The characteristics of an open flow and wall-constrained flow are drastically different in the 
tumble plane, and such characteristics are almost impossible to capture on a bench flow test 
facility. 
Motivated in this regard, the optical engine has been increasingly used in IC engine research in 
both academia and industry so as to ensure the engine flows under experimental conditions were 
as realistic as possible. A number of studies have measured the flow characteristics in the tumble 
plane using PIV under motoring conditions and the flow structure; turbulent characteristics etc. 
were well captured for the specific port and piston design. Apart from the flow field, fuel 
injection was further implemented in some studies with engine motoring with non-combustible 
gases. Planar laser induced fluorescence (PLIF) was used to obtain the equivalence ratio 
distribution inside certain measuring plane [69].  The pros of this technique is that this is 
probably the most straightforward information in terms of the air/fuel mixing degree for a given 
engine design; the cons of this technique though, are the demanding hardware requirements and 
the uncertainties usually come along with the fluorescence signal quenching during the PLIF 
measurement. 
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Computation study is a good alternative approach for the air/fuel mixing investigation. It is not 
only the primary option when the hardware is limited, but also provides more spatial and 
temporal information.  Motivated in this regard, a 3D computation study using KIVA-3V is 
performed for different piston geometries, injection timing and flow field initialization 
comparison. The chapter will start with a literature review, followed by the simulation 
methodology. The turbulent and spray models used in KIVA are detailed next. Three different 
flow initializations, representing the traditional initialization approaches and the realistic flow 
from one of the port design in Chapter 2, will be illustrated. In the discussion part, the impact of 
piston geometry, injection timing and flow initialization on the mixture preparation from a pilot 
diesel injection will be demonstrated. The contents in this chapter has been partially published in 
“Computational Study on the Impact of Piston Shape, Injection Timing and Velocity 
Initialization on Air/Fuel Mixing before Start of Combustion” SAE 2014-01-1110 [70] 
3.1 Literature Review 
The stringent emission regulations and fuel economy concern are pushing forward the advanced 
solutions for IC engines. Under the framework of low temperature combustion (LTC), a number 
of new combustion modes have been proposed in the last decade or so including homogeneous 
charge compression ignition (HCCI), premixed charge compression ignition (PCCI), and 
reactivity controlled compression ignition (RCCI). The description, implementation as well as 
pros and cons of these new technologies have been detailed in Chapter 1. 
These new combustion strategies have potentially made clean and efficient engine combustion 
possible. Using these strategies, nevertheless, also changes the traditional perspective on several 
engine design and operation factors such as piston shape, pilot diesel injection timing and the 
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spray/wall interaction. To promote the application of this strategy, these issues need to be further 
addressed. For instance, the earlier injection of the high reactivity fuel in the RCCI mode allows 
additional time for sufficient mixing before combustion and hence the conventional piston shape 
induced mixing is no longer needed. Because of this unique characteristic, a number of studies 
have been conducted to optimize the piston shape dedicated for the RCCI operation so as to fully 
realize the benefits of this strategy. Hanson et al. [28,29] has used a genetic algorithm 
optimization, in conjunction with KIVA, to optimize the piston bowl profile such that the 
unburned fuel emissions and piston bowl surface area were reduced and the thermal efficiency of 
the engine was improved while still maintaining low NOx and PM emissions in a light-duty 
multi-cylinder engine. Splitter et al. [26,27] investigated the effect of compression ratio and 
piston geometry on RCCI load limits and efficiency and found that a flat piston bowl with 
minimized squish volume is optimal design. Dempsey et al. [31] investigated the effect of piston 
bowl geometry on RCCI operated with alcohol and diesel and suggest modified RCCI piston 
yields a 2-4% absolute improvement in gross indicated efficiency. In summary, the piston for 
RCCI strategy does not require the bowl-in-piston shape to induce the high turbulence flow for 
air/fuel mixing typically needed in conventional diesel engine. The ideal piston should have 
small surface area to reduce the heat transfer and thus increase the thermal efficiency.  
In addition to the need to investigate the piston shape impact, it is also important that the 
injection strategy is optimized accordingly. In the HCCI or PCCI mode, early injection timing 
has been reported to be subject to incomplete fuel vaporization and spray impingement on the 
cylinder walls, which caused high levels of unburned hydrocarbon (UHC) and carbon monoxide 
(CO) emissions as well as fuel/oil dilution [71]. Strategies to reduce fuel-wall impingement and 
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achieve better combustion phasing control include the use of multi-injections, late injections and 
narrow cone angles. In RCCI mode, the spray impingement issue is much less emphasized due to 
the fact that the amount of diesel pilot is typically small and the injection is early, which provides 
sufficient time for fuel evaporation and air/fuel mixing. However, the injection timing still 
played an important role in the fuel vapor distribution towards top-dead-center (TDC).  In a 
number of studies for PCCI combustion mode, it has been reported that excessive mixture 
stratification can lead to non-negligible presence of overly rich (ϕ > 1.3) or overly lean (ϕ < 0.4) 
equivalence ratio zones, which undergo incomplete oxidation under highly dilute, low-
temperature combustion conditions, causing significant UHC and CO in the emissions [71,72].  
In the RCCI mode, the fuel stratification characteristics are also expected to vary with the change 
of the piston geometry. 
In the computation study, another aspect that may affect the fuel stratification is the flow field 
initialization. In the closed cycle 3D engine simulation, the swirl flow is usually initialized 
sometime after intake valve closing (IVC) using Bessel function of the first kind (J1 and J2) to 
approximate the vθ profile [73]. 
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In Eq. 3.1, rb is the cylinder radius, Rs is the swirl ratio and wc is the angular rotation rate of the 
crankshaft. These parameters can be grouped into a constant C which is a function of given 
engine specifications. α is the input parameter that defines the shape of the tangential velocity 
profile and it should be noted that the term is solely related to α and independent of engine 
parameters. In KIVA, the default value for α is 3.11, while a number of previous studies have 
suggested different value of α for better characterization of the profile [38,40].  
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It can be seen from Fig. 3.4 that different α value will result in different tangential velocity 
profile. Larger α value emphasized on the wall friction effects as the velocity drops significantly 
towards the cylinder liner whereas a smaller α value suggest such impact has been greatly 
weakened especially in the modern HSDI engine designs. Although α = 3.11 is widely used in 
engine CFD, there is no conclusive agreement on this value and choosing of the value remains 
case by case. 
Apart from the tangential velocity profile, the position of the initial swirl center has also been 
studied. In many intake flow PIV studies, it has been revealed that the swirl centers were tilted 
from the geometric cylinder center and the tangential velocity distributions were not 
axisymmetric [73-75]. The flow initialization determines the flow field characteristics in the 
subsequent compression stroke. Its importance is much amplified in RCCI computation studies 
because both the low- and high- reactivity fuel were given sufficient time for air/fuel mixing and 
thus the flow field characteristics will be directly associated with fuel air mixing in the end. In 
this regard, it is important to evaluate the impact of the flow initialization on the air/fuel mixing. 
In a CFD simulation work, Ge et al. [76] suggested that different swirl center initialization does 
affect later in-cylinder properties such as turbulent kinetic energy and swirl ratio, and essentially 
reflected on the soot and NOx emission predictions.   
In an early work done by Hayder et al. [77], it is found out that there is an upper limit to the 
magnitude of the TDC turbulence intensity in reciprocating engines with pancake combustion 
chambers, and that the limit is independent of the characteristics of the velocity at the end of the 
intake process Their work suggest that regardless of the initial velocity profile at the beginning 
of the compression stroke, the flow field will be re-organized near TDC thus result in similar 
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turbulence characteristics, however, the paper did not specify the impact of different initial 
velocity profile during the compression stroke. The importance of the flow initialization 
discussed in this study should not be regarded as a contradictory to Hayer’s theoretical and 
experimental work because in this study, the pilot injections to be considered are much earlier 
than TDC and the spray and fuel concentration will the main focus.  
Meanwhile, a number of studies have quantitatively compared the in-cylinder equivalence ratio 
between CFD predictions and planar laser induced fluorescence (PLIF) measurement [78-81]. 
The results demonstrated that CFD simulation can successfully reproduce the in-cylinder fuel 
distribution during the spray and mixing process. The detailed information had helped 
researchers to correlate the fuel vapor distribution with the UHC and CO emissions and identify 
the source of these emissions [80]. These studies, however, focused on the main injection in a 
conventional bowl-in-piston geometry, while the behavior from a pilot injection and the impact 
of a flat piston still require more investigations.  
The primary motivation of this study is to evaluate the impact of piston geometry, injection 
timing and velocity initialization on the mixture preparation from a pilot diesel injection for the 
DIATA engine in the author’s lab. The stratification will be evaluated based on the equivalence 
ratio contour and histogram. It should be mentioned that PCCI and HCCI combustion test had 
been performed previously on this engine with success [82-84]. The secondary motivation is to 
explore the engine’s potential to be modified into RCCI or dual-fuel combustion mode as this 
computation study is performed for the guidance of piston design and operation parameter in the 
future. In the broader sense, this work is also of good value for PCCI/HCCI research and 
modeling work since it presented the fuel behavior from a much advanced pilot diesel injection 
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under different working conditions and piston designs, which may also be encountered in these 
combustion modes.    
3.2 Simulation Methodology 
3.2.1 Computation Model 
The specifications of the DIATA engine are tabulated in Table  3.1. The details of the 
experiments can be found in Ref [83]. The engine simulation is conducted with a modified 
version of KIVA 3-V Release 2. Many improved submodels have been implemented in this 
version to increase the capability of spray prediction. The submodels used in this study are 
summarized in Table  3.2. In particular, the code used RNG k-ε turbulence model with law-of-
the-wall model for transport near the wall boundary for the flow field calculation. The multi-
phase spray flow is simulated using Lagrangian particle/parcel descriptions. The droplet behavior 
is modeled using Taylor analogy break up (TAB) model, impinge and splash model, droplet 
evaporation model and liquid film evaporation model. 
In the numerical simulation, two combustion chamber geometries are used as shown in Fig. 3.2. 
The baseline is the stock DIATA engine piston with squish of 1.03 mm. A flat piston, designed 
with the same bore, stroke, and compression ratio as the stock geometry is used for comparison. 
The simplified flat piston geometry is considered mainly for the purpose of potential RCCI 
operation mode in the future as mentioned. This design will have minimum surface area with the 
given clearance volume, and thus reduce the heat loss through the wall. A secondary 
consideration is that for optical engine research, a flat piston window is typically of lower cost 
and mostly likely will be applied in the author’s lab. For these reasons it is helpful to explore the 
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fuel-air mixing characteristics of flat piston shape. A swirl plane and a tumble plane are used to 
probe and visualize the equivalence ratio distribution and velocity field. The swirl plane is 
located at different position for the two pistons as illustrated in Fig. 3.3. In diesel engines, 
combustion can be locally deteriorated at cold locations near the wall and far from the center of 
the combustion chamber. To quantify the local equivalence ratio distributions, the histogram was 
generated at different regions within the cylinder. The squish and non-squish region for the stock 
combustion chamber are shown in Fig. 3.3a; for the flat piston, since there is no exact “squish 
region”, the close-to-wall region with a width of 12.2 mm is defined and highlighted as the 
peripheral region whereas the center of the cylinder is referred to as the core region, as shown in 
Fig. 3.3b. 
The fuel used in this study is tetradecane (C14H30). The simulation starts from the intake valve 
close (IVC) at 220 CA to 350 CA, which is typically just before the common main injection and 
ignition timing. During the upward compressing motion of the piston, a pilot injection of diesel 
is introduced. In the previous work [85], the pilot injection was set as 320 CA for the PCCI mode 
combustion. It is proposed that pilot injection earlier than 320 CA may be beneficial due to the 
longer mixing time. The improvement of mixing due to earlier injection as well as the 
subsequent possibility of over-mixing or poor atomization due to lower ambient pressure at 
injection needs to be studied. Motivated in this regard, three pilot injection timings, i.e. 280 CA, 
300 CA, and 320 CA, corresponding to 80 CA, 60 CA and 40 CA BTDC, are simulated using the 
numerical model.  
The computation grid size used in this study is about 1.4 mm with a total number of 60000 cells 
and an azimuthal resolution of 4 degrees in the computational domain. Previous study [79] 
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suggested that although coarser grid may not accurately predict the overall spray penetration into 
the squish volume, the global equivalence ratio distribution is still captured regardless of the grid 
size. This grid size setting is also found to reach a good balance between the spatial resolution 
and computation time since a full geometry is consider in this study. 
3.2.2 Flow Initialization 
Full 360° geometry, rather than a sector case was applied in this study mainly for the comparison 
between different flow initialization. In the 3D engine simulation code such as KIVA, Bessel 
function with constant of 3.11 is commonly used to depict the radial profile of the tangential 
velocity for the swirl flow initialization. In the recent study by Miles and Peterson [73], it was 
reported that Bessel function with constant of 2.2 is a better fit for the initial velocity field. In 
this research, the author has previously measured the velocity field on a flow bench facility using 
particle image velocimetry (PIV). The PIV measurement was carried out in the swirl plane under 
steady state conditions and ensemble averaged data over 800 samples were acquired with 
different valve lift cases. It is assumed that the velocity field measured with the lowest valve lift 
(~1mm) can well represent the flow field at the intake valve close (IVC) timing in a transient 
engine operation. Although it is admitted that an accurate flow initialization may require similar 
experiment in an optical engine, using the flow field data measured under steady state conditions 
for flow initialization is still a reasonable assumption due to the fact that at IVC, the piston just 
starts to move upwards and is still far away from TDC, thus the port-induced swirl flow is 
expected to be much more dominant than the piston-induced vertical flow. Therefore, three 
different flow initialization were considered in this study as shown in Fig. 3.4, with the first two 
initialized by the standard Bessel fit with different constant value and the third by the PIV data.     
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It is worthwhile to mention that the spatial resolution from the PIV measurement is not exactly 
the same as the grid resolution in the simulation, thus the flow field was first initialized by 
interpolating the PIV data using linearly augmented radial base function. For fair comparison 
among the cases, the initial swirl ratio for the first two standard initializations was specified such 
that the angular momentum is maintained to be the same as using the PIV flow field data. The 
details of this strategy can be found in Ref [76].  
3.3 Results and Discussion 
In the advanced combustion mode such as RCCI, one essential question is to find out where the 
fuel vapor from the pilot injection ends up since it serves as the “spark” for the ignition. Together 
with the mixing features from the low reactivity fuel, it determines the ignition characteristics of 
the combustion event, and ultimately the engine performance. The parameters that may affect the 
pilot injection include the piston geometry, injection timing and the in-cylinder flow field. The 
impact of each parameter will be discussed in the following sections. 
3.3.1 Impact of the Piston Geometry 
As mentioned, the design of the piston geometry should consider both air/fuel mixing 
requirement and heat loss through the surface.  Fig. 3.5 and Fig. 3.6 illustrate the equivalence 
ratio contour evolutions from two pistons in the tumble plane and swirl plane respectively, where 
drastic geometry-induced equivalence ratio differences in the gas phase can be seen.  It should be 
noted that no low reactivity fuel, nor the main injection is included in this simulation study, thus 
the equivalence ratio range is relatively small since the pilot injection only represents about 16% 
of the total fuel amount per injection typically required to run this engine at medium load; even 
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so, the contour clearly demonstrates the behavior of the fuel vapor under different conditions. 
The fuel injection started at 320 CA and the fuel vapor had already reached the piston wall by 
326 CA for the flat piston. The fuel spread out in the radial direction subsequently, forming a 
relative fuel-rich zone in the core cylindrical region in the middle of the cylinder. From the swirl 
plane, it can be seen that the plume was twisted due to the swirl flow and the interaction among 
plumes became apparent after 347 CA. Due to the small injection spreading angle (70°), the size 
of the core fuel-rich zone formed in the plat piston was only about half the size of the bore. 
Compared to the flat piston, fuel vapor was mostly trapped in the bowl region for the stock 
piston and the equivalence ratio gradient was apparently seen perpendicular to the wall. One 
particular note on the flat piston is that the fuel vapor also reached the surface of the head deck 
as it was propagating in the radial direction, indicating possibly more heat loss from the head 
surface using this geometry.  
The swirl ratio comparison between the two pistons is shown in Fig. 3.7. It is found that after 
around 280 CA, the impact of the piston geometry became active as the swirl ratio sharply 
increased with the stock piston. This is expected because of 1) the spin acceleration effect due to 
the angular momentum conservation; 2) strong squish flow generated as the piston moves 
towards TDC and the swirl flow further induced in the cylinder. The flat piston, on the other 
hand, led to slight decrease of the swirl ratio since no squish flow exist as the piston moved up, 
which explains the reason that fuel vapor was concentrated in the center core as observed in Fig. 
3.5.   
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3.3.2 Impact of the Flow Initialization 
In the work of Dempsey et al. [79], the impact of the flow initialization has been investigated by 
mapping the full 3D intake simulations to two individual sector meshes with different nozzle 
number. Although different spray penetration was observed, the author argued that the plume-to-
plume variation seen in the experiments is not explained by flow field inhomogeneities because 
the flow field just prior to the start of injection was dominated by the squish flow due to piston 
motion. In the PIV measurement conducted in this lab, we found that the ensemble averaged 
flow field is significantly different from the standard flow initialization in a number of ways: 1) 
The swirl center was slightly tilted from the geometric bore center, 2) the radial profile was not 
axisymmetric, 3) There was a wake region on the upper right-hand-side as shown in Figure 3. 
Although the first two observations have been reported in numerous studies, the third 
observation has been rarely mentioned in the literature and could be the critical factor when 
determining the impact of the flow initialization as well as the plume-to-plume variation reported 
in the previous studies. 
The swirl flow in the engine cylinder is generally considered as non-solid-body rotation with 
tangential velocity gradient. The flow field measured by PIV simply revealed that the entire swirl 
flow structure could detach from the cylinder wall and generate a wake region depending on the 
port configuration. Ideally it would be more convincing if such flow field could also be captured 
in an optical engine with transient flow process, however this would be very challenging due to 
the limited field of view typically encountered in the optical engine which prevent the 
visualization of the near-wall velocity field. In this respect, the issue requires more investigations 
in the future.  
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Now if the assumption holds that ensemble averaged velocity field measured by PIV under 
steady state conditions with minimum (~1mm) valve lift can represent the transient swirl flow at 
IVC, then the data simply indicate that a full geometry is essentially required to capture the in-
cylinder flow. Fig. 3.8 and Fig. 3.9 illustrate the equivalence ratio distribution with different flow 
initialization. Standard initialization with different Bessel fit constant presented very similar 
distribution towards TDC, although α value with 3.11 displayed more homogeneous mixture in 
the central region. On the other hand, flow initialization from PIV data demonstrated drastically 
different distribution, with significant plume-to-plume variation observed especially for the 
bowl-in-piston geometry. This will inevitably cause separated rich and lean zones from pilot 
injection prior to the combustion event. In the RCCI or dual-fuel combustion mode, the fuel 
vapor distribution from the low reactivity fuel may need to accommodate the pilot fuel 
distribution for the optical ignition and combustion characteristics.  
To further investigate the impact of the flow initialization on the spray dynamics, the iso-surface 
of equivalence ratio with flow initialized from experimental data is illustrated in Fig. 3.10. Note 
the pilot injection started at 280 CA with duration of 5 CA, thus the sequence of images shown 
represents the fuel vapor evolution immediately after the end of injection (EOI). At 290 CA, it 
can be seen that plume-to-plume variation is yet almost negligible. The difference became 
perceivable at around 15 CA after the EOI as plume#1 and #2 presented longer spray penetration. 
The iso-surface of the equivalence ratio equals to 0.02 for plume #1, 2, 6 grew apparently bigger 
than the other three plumes indicating higher local fuel vapor concentration. The non-uniform 
radial velocity profile in the initial flow field may result in different level of local turbulent 
kinetic energy, which explains the observed plume-to-plume variation. 
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3.4 Conclusion 
This computational study focused on the equivalence ratio distribution resulted from a diesel 
pilot injection in HSDI engine particularly for the RCCI and dual-fuel combustion consideration. 
The impacts of the piston shape, injection timing and flow initialization on the equivalence ratio 
distribution were investigated and the conclusions are as follows 
• For the pilot injection at 320 CA, most of the fuel vapor was trapped in the re-entrant bowl 
region with equivalence ratio gradient perpendicular to the wall for the bowl-in-piston shape 
while, a fuel-rich core was formed in the center of the cylinder for the flat piston. The swirl 
ratio generated by the flat piston was very low, causing limited plume-to-plume interaction 
and short vapor penetration through the cylinder.  
• The injection timing had a significant impact on the homogeneity of the mixture towards the 
TDC. Advanced injection led to more uniform mixture, although the spray may penetrate 
into the squish region even with a small injection spread angle. This could potentially cause 
over-lean region in the squish volume and result in UHC and CO emissions in the subsequent 
combustion event.  
• Swirl initialization may alter the plume-to-plume variation with advanced pilot injection. 
Flow field measured by PIV suggest there could be a wake region at the IVC timing. Using 
the experimental data for initialization resulted in appreciable difference among individual 
plumes during and after the injection especially for the bowl-in-piston geometry, 
emphasizing the importance of full geometry and more accurate flow initialization in the 3D 
engine simulations. In comparison, the flow initialization with different Bessel fit constant 
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did not show remarkable difference although an α value of 3.11 provided more homogeneous 
mixture in the central region. 
• In the previous work of Hayder et al. [77], it is reported that there is an upper limit to the 
magnitude of the TDC turbulence intensity in reciprocating engines and that the limit is 
independent of the characteristics of the flow field at the end of the intake process. The 
current study suggests that Hayder’s conclusion still applies as the flow field re-organize near 
TDC. The impact of the flow initialization is minimal if the injection is very close to the 
TDC and only becomes critical when the injection timing is much advanced. 
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Table  3.1 Engine Specifications in the computation study 
Stroke  70 mm  
Bore  78 mm  
Connecting rod 132.6 mm  
Compression ratio 19.5:1 
Squish height at TDC 1.03 mm 
Engine speed  1500 RPM 
Injection pressure 500 bar 
Injection number of holes 6 
Injection spread angle 70 deg 
Orifice diameter 0.124 mm 
Swirl ratio 0.992 
 
Table  3.2 Sub-models activated in the KIVA3V 
Phenomenon Sub-model 
Spray breakup TAB [86] 
Turbulence RNG k-ε, Han and Reitz [87] 
Droplet evaporation Multi-component evaporation, Zeng and Lee [88,89] 
Liquid film evaporation Multi-component liquid film 
evaporation, Zeng and Lee [90] 
Impingement and splash Trujillo and Lee [91] 
Droplet collision O’Rourke model [92]  
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Table  3.3 Test Conditions 
For Pilot Injection Investigation I II III  
Pilot injection time (CA) 280 300 320  
Pilot injection duration (CA) 5 5 5  
Pilot injection quantity (mm3) 1.5 1.5 1.5  
Main injection - - -  
 
 
Fig. 3.1 Tangential Velocity Profile with different Bessel Function Constant 
 
Fig. 3.2 Schematic of the two piston shape, a) bowl in piston, b) flat piston 
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Fig. 3.3 Squish region a) bowl in piston, b) flat piston 
 
Fig. 3.4 Flow initialization with different Bessel fit and PIV data 
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Fig. 3.5 Equivalence ratio contour in tumble plane, injection start at 320 CA, flow 
initialization with Bessel fit α =3.11 
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Fig. 3.6 Equivalence ratio contour in swirl plane, injection start at 320 CA, flow 
initialization with Bessel fit α =3.11 
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Fig. 3.7 Swirl Ratio Comparison between two pistons 
 
 
Fig. 3.8 Equivalence ratio contour in swirl plane with different flow initialization, pilot 
injection start at 280 CA, bowl in piston,  
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Fig. 3.9 Equivalence ratio contour in swirl plane with different flow initialization, pilot 
injection start at 280 CA, flat piston,  
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Fig. 3.10 Equivalence ratio iso-surface with PIV data initialization, pilot injection start at 
280 CA, bowl in piston 
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Chapter 4 Spray and Combustion Measurement and Analysis in a Constant 
Volume Chamber 
 
The last two chapters investigate the air/fuel mixing process from the air (i.e. in-cylinder flow) 
perspective. Although it is true that air motion could be extremely important, there are many 
occasions where the charge motion has its limitations and the mixing process is mainly 
dependent on the fuel spray characteristics. For example, in the low-speed large-bore diesel 
engines commonly used for the propulsion of large ships as well as locomotives, the swirl ratios 
are typically much lower compared with smaller engines and complete air/fuel mixing before 
autoignition becomes a critical challenge. Another good example is the two-stroke engine, in 
which the camshaft is eliminated and the scavenging process is controlled by the port rather than 
the valves. The port design of two stroke engines typically focuses on lower in-cylinder residual 
ratio and fresh air loss in order to achieve better scavenging performance while such design 
considerations may render low swirl ratios. Both aforementioned scenarios require more 
sophisticated fuel delivery strategies to compensate the lesser controlled charge motion for high 
swirl flows such that the mixing is still sufficient for a decent combustion performance. 
Motivated in this regard, fuel spray atomization and subsequent combustion will be the main 
focus starting from this chapter.  
Superior fuel atomization will produce fine droplets, enhance the air/fuel mixing rate and reduce 
the emissions from combustion whereas poor atomization could result in incomplete fuel 
vaporization and spray impingement on the cylinder walls, causing high levels of hydrocarbon 
and carbon monoxide emissions as well as fuel/oil dilution, and consequently deteriorated engine 
performance. Note the argument that finer droplets are favorable for better air/fuel mixing is 
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under the premise that the liquid penetration length is still in the same order. Imagine the 
following scenario: if the injector is capable of producing droplet with size in the order of 
nanometers, is this injector still beneficial to the mixing and combustion?  The answer is not, 
because presumably with such small drop size, a rich fuel vapor zone is almost immediately 
formed once the fuel exits the injector. Such small droplet size will result in an extremely high 
Stokes number and thus make the droplets almost stagnant in the vicinity of the injector tip.  The 
liquid penetration could be significantly reduced or even non-existent leading to very poor air 
entrainment. In this scenario, the combustion will inevitably be deteriorated due to the poor fuel 
vapor distribution and lack of oxygen. However, such extreme scenarios are beyond the scope of 
the current study. In the discussions of enhanced atomization in this thesis, the droplet size is still 
in the order of micro-meters and the penetration should always be perceivable.   
In the last two decades or so, the injection-associated parameters such as the injection pressure, 
injector orifice characteristics, spray cone angle, etc. have been intensively studied for pursuing 
optimal atomization characteristics; different injector or atomizer configurations and designs, 
such as extremely high injection pressure common rails, micro-variable-circular-orifice injectors, 
swirl atomizers etc., have been proposed and investigated for the purpose of achieving better 
air/fuel mixing by increasing either the swirl flow or plume-to-plume interaction. Although these 
approaches may be simple and effective in certain applications, they are typically associated with 
high cost of hardware or patent protection, and thus cannot be widely adopted by OEMs around 
the world. It is of great interest to find an approach that enhances fuel atomization while having 
relatively less hardware requirements.  
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In the combustion of a multi-component droplet such as emulsified fuel with its components 
possessing vastly different volatilities, a micro-explosion event will be induced by the 
superheating of the more volatile components (i.e. water in the emulsion), that are trapped in the 
interior of the droplet whose overall boiling temperature is controlled by the less volatile 
component in the mixture. The occurrence of such an event, often referred to as “micro-
explosion”, causes a violent secondary breakup and as such, the burning rate of the droplet is 
significantly increased [93]. Micro-explosion has been shown to be inherently highly effective in 
producing fine droplets and a uniform mixture by taking advantage of the physical properties of 
the fuel itself and therefore become a very attractive approach for the air/fuel mixing 
enhancement. In the next three chapters, the text is organized in the pursuit of different fuel 
additives for air/fuel mixing enhancement with Chapter 4 on the ultra-low sulfur diesel as 
baseline and Chapter 5 on the water emulsified diesel  
Meanwhile, it should be mentioned that the study of spray and combustion can be undertaken 
using various experimental apparatuses including optical engines, constant volume chamber 
(using heating or pre-burn method), constant pressure flow rigs and rapid compression machines, 
each with pros and cons. In a previous study [94], the methodology applied for each apparatus 
has been well documented and the pros and cons are summarized in Table  4.1. The constant 
volume chamber has the advantage of providing uniform ambient gas conditions upon fuel 
injection as well as high level of optical access for different laser diagnostic techniques, thus has 
been intensively used for fundamental spray and combustion studies. A pre-burn type constant 
volume chamber is utilized in the author’s lab and the experiments of the next three chapters are 
all based on this chamber. This chapter first gives the literature review on the parameters of 
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particular interest in the fundamental spray and combustion studies. The experimental apparatus 
description, operation procedure, optical setup as well as the image post-processing procedure 
will be detailed next. Since similar methodology will be performed for different fuels, this part 
will not be repeated in Chapter 5 and Chapter 6. The last part of the chapter illustrates the 
baseline results of diesel fuel injection and validates the setup with results from literature.   
4.1 Literature Review 
High speed imaging has been shown to be an essential diagnostic tool for understanding highly 
transient combustion phenomenon such as diesel spray injection and combustion. For example, 
shadowgraph and Mie scattering imaging yields information about spray penetration, spreading 
angle whereas chemiluminescence imaging provides information ignition delay time, ignition 
location, and flame structure. The combination of high speed diagnostics is especially helpful to 
current research needs because of the complexity of diesel injection and combustion. In the 
following section, different aspects of the diesel injection and combustion as well as the 
corresponding laser diagnostic technique will be reviewed.   
4.1.1 Liquid Penetration 
Penetration is a spray phenomenon which defines how far a fuel jet traverses the combustion 
chamber with respect to time. There are several penetration length scales of interest in the diesel 
injection studies depending on the ambient conditions, categorized as non-evaporating 
conditions, evaporating conditions and burning sprays. For vaporizing sprays, the vapor 
penetration, defined as the distance the vapor portion travels, has been well studied. For burning 
spray, the flame penetration defined by the distance the tip of the combusting flame travels is 
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another parameter of particular interest. Regardless of the ambient conditions, however, the 
liquid penetration is always one of the primary concerns.  
Liquid penetration, sometimes also referred as liquid length, is a macroscopic spray 
characteristic which is defined as the distance from the nozzle exit to the farthest location where 
the liquid phase of the spray travels. The liquid penetration is of significant importance because, 
on one hand, it is one of the decisive parameters determining the air/fuel mixing degree; on the 
other hand, it is a critical design factor to avoid spray wall impingement which potentially can 
lead to unburnt hydrocarbons and incomplete combustion. 
The liquid penetration can be affected by a number of control parameters and has different trend 
with the varying parameter. Some trends are intuitive, for example, increasing ambient gas 
temperature will increase vaporization and reduce the liquid penetration, while an increase in 
ambient density will cause increased entrainment to the fuel, with saturation conditions being 
achieved at a shorter distance, thereby decreasing the liquid penetration. Other trends are not as 
apparent including injection pressure which barely affects the liquid penetration. This is because 
the increase of the fueling rate is offset by an increase in the ambient entrainment which is 
induced by the increase in injection pressure or velocity; as a result it maintains the same fuel-air 
mixture at an axial location. The negligible influence of injection pressure on liquid penetration 
supports the use of elevated injection pressures to improve fuel-air mixing which assists with 
emission reductions while still avoiding liquid fuel impingement on the cylinder wall to 
minimize unburnt hydrocarbon emissions. A summary of the liquid penetration trend with 
respect to different parameters is summarized in Table  4.2. 
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Siebers [95] has shown that the liquid penetration trends in Table  4.2 can be explained by 
assuming mixing-limited vaporization. To develop this claim, Siebers used a fuel spray model to 
calculate the amount of ambient gas entrained into the spray )(xma&  relative to the fuel mass flow 
rate )(xmf&  : 
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where d is the injector tip orifice diameter, Ca is the orifice area contraction coefficient, ρa is the 
ambient gas density, α is a constant with a value of 0.75 [96], and θ/2 is the jet spreading half-
angle. 
The fuel ambient ratio (F/A)liq is then calculated by mass where the enthalpy change in the 
ambient gases matches the energy required to heat and vaporize the liquid fuel at the local liquid-
vapor equilibrium temperature. (F/A)liq depends upon the ambient gas temperature and density, 
as well as the particular fuel properties and fuel temperature. The full equation to predict the 
steady liquid penetration length (L) is: 
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In this expression, b and a are correlation constants with suggested values of 0.41 and 0.661, 
respectively. The enthalpy difference in the numerator is the specific enthalpy transferred from 
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the entrained ambient gas to vaporize the fuel whereas the enthalpy difference in the 
denominator is the specific enthalpy required to heat and vaporize the liquid fuel.  
Apart from the liquid penetration length, spray cone angle is a macroscopic spray characteristic 
representing the dispersion or spreading of the spray. Ideally, good dispersion is desired to 
ensure fast mixing of the liquid and gas phase with a high evaporation rate for optimum 
combustion. As the cone angle increases, there is increased air entrainment which can enhance 
fuel-air mixing. Meanwhile, consistent measures of cone angle are difficult to achieve as various 
edge detection techniques are often used in different studies. The spray cone angle can be 
influenced by various ambient conditions with some inconsistencies in trends related to 
definitions of cone angle as summarized in Table   4.3.  
Various diagnostics have been applied for diesel fuel injection visualization and characterization, 
including shadowgraph [96,97], Schlieren imaging [98-99] and Mie scattering imaging [101-
104]. Shadowgraph is the most commonly used optical method based on the shadows cast by the 
spray plume applying a certain light source. The shadowgraph setup typically requires the light 
source and receiver placed on the opposite side of the object, thus not suitable for the occasion 
where optical access is only available on one side. The pros of this technique though include that 
it is very straightforward and has relatively low requirements on the light source. In many 
occasions, a halogen, xenon or even LED light is sufficient to be a candidate rather than costly 
laser beams. Schlieren imaging is commonly used to photograph the flow of fluids of varying 
density, and therefore has been used for the vapor penetration characterization of the fuel spray. 
The Schlieren imaging setup is more involved, as the details can be found in [99]. Again, optical 
access on both side of the studying object is required.  In the study of Pickett [99], the shock 
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wave ahead of the spray tip was illustrated using this method, demonstrating the powerful 
capability of this particular technique.  Mie scattering is another commonly used method for 
spray visualization, by illuminating the fuel spray with a certain light source. The incident light 
is typically stronger than those used in shadowgraph and more often laser beams are involved. 
The light source could be either “planar”, such as a laser sheet, or “volumetric”, such as scattered 
laser beam depending on the spray features. Planar Mie scattering is not suitable for the dense 
spray measurement because on one hand, the optical thickness is limited by the laser power, on 
the other hand the droplet out of the laser sheet will not be captured. Considering the existing 
equipment as well as the aforementioned issues, volumetric Mie scattering imaging was used for 
the liquid penetration characterization as well be illustrated later.  
4.1.2 Lift-off Length 
Combusting diesel sprays are a lifted flame phenomenon requiring definition of the lift-off 
length parameter to understand the spatial onset of combustion. Flame lift-off length is defined 
as the distance between the most upstream locations of the combusting spray in a lifted turbulent 
diffusion flame to the injector tip [105]. Lift-off length can be also influenced by various ambient 
and injection parameters and the corresponding varying trends are summarized in Table   4.4. 
The lift-off length is important in understanding combustion and emissions formation. There is a 
link between fuel-air mixing upstream of the lift-off length and the resulting soot formation. In 
general, the soot emission decreases with the increase of the lift-off length. This can be attributed 
to the fact that the average equivalence ratio at the lift-off length is reduced due to the increase of 
the fuel-air premixing at upstream of the lift-off length, as a consequence the soot formation is 
substantially suppressed [106].  
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An estimate of the amount of air entrained into a fuel jet was used in the analysis of the 
combustion and soot measurements. Since the diesel fuel jet is essentially a lifted flame, the 
amount of fuel-air premixing that occurs upstream of the lift-off length will affect the 
combustion and soot formation processes downstream of the lift-off length [107]. The cross 
sectional averaged equivalence ratio at the lift-off length )(xφ is a measure of the amount of air 
entrained and mixed with the injected fuel upstream of the lift-off length, expressed as:  
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In Eq. (4.5), (A/F)st is the stoichiometric air-fuel ratio by mass for a given fuel, x is axial distance 
from the injector, and x+ is a characteristic length scale for the fuel jet defined in Eq. (4.2) 
When comparing the liquid spray penetration, two sets of conditions can occur. The first 
condition is that with a liquid length shorter than the lift-off length, meaning that fuel 
vaporization is complete before combustion zones are reached, and therefore there is no 
interaction between vaporization and combustion processes. The second condition is a liquid 
length longer than the lift-off length, which causes the spray to have a cool-core which has 
vaporized fuel that is surrounded by a rich reaction zone and vaporization cooling can influence 
the combustion rate, yielding a reduction in laminar flame speed and an increase in lift-off length 
[105]. For the case of a shorter liquid length relative to the lift-off length, there may be less soot 
formed due to a more intense central reaction zone based on enhanced fuel-air mixing before the 
lift-off length [106]. 
A diagnostic commonly used to quantify diesel spray lift-off length is OH chemiluminescence 
imaging with central wavelength of 310 nm. OH* usually occurs under high temperature, 
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stoichiometric combustion conditions at the flame-stabilization locations [105]. The OH* 
measurement is usually line-of-sight and time-averaged due to the limitation of the hardware. It 
was not until recent years that high speed ICCD camera became available in the market and 
increasing number of time-resolved OH* studies started to emerge in the literature [105]. 
Meanwhile, natural combusting luminosity images can also be used to provide a qualitative 
indication of spatial soot distributions together with an indication of lift-off length.  In particular, 
the natural luminosity imaging are usually conducted with high speed CMOS camera thus the 
lift-off length yielded from such measurement will also be “transient” instead of “time-
averaged”. The disadvantage though is that the natural luminosity, mainly consisted of the strong 
soot luminosity, may raise ambiguity when defining the real combustion onset and high heat 
release regions [105], although some studies have revealed that the both high speed natural 
luminosity and OH* measurement yield very similar flame structure features, provided the 
saturation is avoided [108].  
4.1.3 Soot Measurement 
It is no exaggeration to say that the soot is a primary motivation in almost all the diesel-engine 
related studies. As mentioned in the Chapter 1, new combustion technologies have enabled 
significant reduction of in-cylinder soot emissions in diesel engines.  Optical diagnostics 
employed in soot investigations are non-intrusive, real-time, in-situ measurements thus providing 
extremely valuable information on the soot formation and oxidation mechanism. The optical 
methods mainly includes planar laser-induced incandescence (PLII) [109-111], multicolor 
luminosity techniques [130,113] and laser-extinction [10,12,114-117].  
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In the PLII method, the soot within the laser sheet is heated rapidly using a pulsed laser source 
with duration typically less than 20ns. The soot is heated from the local ambient soot temperature 
to a temperature approximately equal to the soot vaporization or more accurately, sublimation 
temperature (approximately 4000 to 4500 K). The incandescence from the soot particles is 
measured using collection optics or photodetectors. With appropriate calibration and analysis of 
the incandescence signal, information on the soot volume fraction and primary soot particle size 
may be obtained. PLII provided significant new insight into the structure of diesel fuel jets based 
on the spatial locations of soot, yet only limited qualitative information on soot concentration 
levels. Attempts to make the PLII soot measurements quantitative when standard diesel fuel was 
used were inhibited by optical thickness considerations. Quantitative PLII measurements for 
standard diesel fuel were restricted mostly to conditions during the “premixed-burn” phase of 
diesel combustion when soot levels are low or to low-sooting conditions generated by using low-
sooting oxygenated fuels [116]. 
Two-color or multicolor imaging techniques have also been widely used to measure soot in 
diesel fuel jets. The two-color method relies on the measurement of the radiation intensity from 
incandescent soot particles generated during combustion. The radiation intensity is measured at 
two wavelengths typically generated by a bifurcation where the light emitted from the soot 
particles is split into two receiving detectors. Apart from the requirement of an extra signal 
detector, the two-color techniques also suffer from high levels of uncertainty [130].  
Another technique employed was laser extinction. Although a line-of-sight diagnostic, laser 
extinction is not limited by optical thickness considerations to the same extent as PLII, and as a 
result can be used to measure soot when standard diesel fuel is used [117]. In the conventional 
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laser extinction method, the light source and signal detector are usually placed on the opposite 
side of the soot cloud (more detailed can be found in [117]). A novel soot measurement 
technique, so called as forward illumination light extinction (FILE) has been developed in the 
author’s lab [118].  
In the FILE measurement, the laser beam and camera are mounted on the same side of the soot 
cloud since only one window is available for optical access. The scattered laser beam illuminate 
the region of interest (ROI) with a diffuser mounted at the back of the soot cloud. The reflected 
light from the diffuser essentially served as the incident light for the soot measurement. Similar 
to the convention laser extinction principle, the ratio of the transmitted and incident light 
intensity can be related to the optical thickness of the medium using the relationship: 
)exp(/ 0 KLII −=                                                         (4.6) 
where K is the dimensional extinction coefficient and L is the path length through the soot. Soot 
volume fraction fv can be further determined from the dimensional extinction coefficient data 
using the following relationships derived from small-particle Mie theory 
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where λ is the laser wavelength, ke is the dimensionless optical extinction coefficient, αsa is the 
scattering-to-absorption ratio, m is the refractive index of soot, and E(m) is the imaginary part of 
(m2-1)/(m2+2) as:  
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If both the area represented by each pixel and the soot density are assumed as known values, 
with an additional assumption that αsa is negligible, the soot mass at each pixel will be known as  
pixsoot
e
pixsootvsoot AIIk
ALfm ⋅⋅⋅=⋅⋅⋅= ρλρ )/ln( 0                       (4.10) 
When all pixel values are spatially integrated over the ROI, the soot mass in each frame is 
obtained and consequently the transient soot mass evolution over one individual injection event 
can be acquired after image post-processing.  
Note that all the uncertainties related to conventional laser extinction measurement also apply to 
the FILE method. As pointed out by several studies [114], considerable uncertainties exist in the 
soot optical properties (both E(m) and αsa) that are required in order to relate the extinction 
coefficient to the soot volume fraction in Eq. 4.7 and Eq. 4.8. Soot particles formed under diesel 
conditions have been shown to consist of aggregates of primary particles with a primary particle 
diameter dp of approximately 20–40 nm based on soot sampled and analyzed with TEM [119]. 
The number of primary particles in an aggregate, N, varies, but values of several hundred are 
common [120]. While historically it has been common practice to assume that scattering is 
negligible (αsa=0) for typical soot extinction measurements, the formation of soot particles into 
aggregates creates a non-negligible contribution of scattering to the extinction measurement. 
Theories to predict the contribution of scattering (αsa and ke) have been developed for aggregates. 
Rayleigh–Debye–Gans (RDG) theory has been shown to be valid for a large range 
of N when dp is within the Rayleigh limit: pidp/λ < 0.3 [121], a condition that appears to be 
satisfied for diesel soot under the conditions of the experiment. For this study, a ke value of 4.9, 
which is the same as one previous study [117], was selected for relating the extinction 
measurements to soot volume fraction. This value of ke corresponds to a value 
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of m=1.80−0.58i, N equals to 150 and dp equals to 40 nm, a reasonable set of parameters for 
diesel soot. More details on the FILE assumptions and potential improvements are discussed in 
Appendix B. 
4.2 Experimental Setup 
4.2.1 Experiment Apparatus 
The constant volume chamber shown in Fig. 4.1 was designed to simulate the typical diesel 
engine in-cylinder conditions towards TDC by burning a lean premixed combustible mixture 
prior to the fuel injection. A number of previous studies have been conducted on this chamber 
and the experiment setup has been well documented. The key features of the chamber will be 
summarized as follows while more details of the apparatus will be referred to the previous work 
[118,122-124].  
4.2.1.1 Constant Volume Chamber 
This chamber has a bore of 110 mm and a height of 65 mm. It can mimic real diesel-engine-like 
condition upon fuel injection, allowing a maximum operating pressure of 18 MPa. The chamber 
has an open end on the top with a fused silica window allowing optical access. The window, 
sealed with an energized spring seal, has dimension of 130 mm in diameter and 60 mm in 
thickness, with a high UV transmittance down to 190 nm. Eight rod heaters with a total power of 
2500 W are inserted into the chamber during the experiments. A temperature controller coupled 
with a 50A Hg Relay and an R-type thermocouple is used to control the chamber wall 
temperature. The cylinder wall is heated to 378 K before the experiment to mimic the wall 
temperature of a diesel engine as well as to prevent water condensation on the optical windows. 
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A quartz pressure transducer (Model: Kistler 6121), embedded in the chamber wall in 
conjunction with a dual mode differential charge amplifier, is responsible for recording the in-
cylinder pressure.  
4.2.1.2 Fuel System 
A Caterpillar hydraulic-actuated electronic-controlled unit injector (HEUI) is mounted at the 
bottom of the chamber. The injector is valve-covered orifice (VCO) type, with orifice diameter 
of 0.145 mm. The main features of the injector are tabulated in Table  4.5. Note the control 
module of this injector has been changed since 2009 so the injection characteristics documented 
in Ref [118] is no longer valid. The signal input for the current injector is shown in Fig. 4.2. The 
current has to be pulled up to 7 A for 1.8 ms and holds at 4.5 A for 1.7 ms, the total injection 
duration is fixed as 3.5 ms.  
Although the injector signal input changes, the main features of the injector are still preserved. 
The HEUI has an intensifier inside with a greater area on the oil side of the plunger than the fuel 
side. As a result, the pressure exerted on the fuel is magnified with the nominal magnification 
factor of 6.7. It is suggested the maximum oil pressure does that exceed 3000 psi, which 
corresponds to peak injection pressure of 138 MPa. The HI300A HEUI injector also has a unique 
prime feature, which breaks the single large injection charge into two separated injections. It first 
produces a small pilot injection. A brief delay allows the pilot injection to start burning. The 
main injection is then delivered to the flame front established by the pilot injection. This prime 
feature significantly lowers the engine noise by 50 percent. At higher oil pressure the delay 
between the pilot and main injection vanishes. As for the hydraulic oil supply system, high 
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pressure 15W-40 oil is supplied to the injector via a bladder tank. The oil pressure can be 
adjusted through a regulator which controls the shop air pressure for the pump. 
4.2.1.3 Ignition System 
The ignition system for the premixed combustion consisted of spark plug and plasma coil. To 
ignite the lean premixed gas mixture, the coil-on-plug system from Ignition Solutions Inc. is 
installed within the spacer with spark plug electrode protruding from spacer wall. The coil-on-
plug, which is powered by a rechargeable 12V battery, receives a 5V TTL from Labview to fire 
the spark. The easiest way to examine if the spark plug still works is by testing it through 
Labview with all the gas delivery gas valves shut off. The ignition system should be functioning 
well if a spark can be visually seen after ignition triggered on the Labview interface.   
4.2.2 Experiment Procedure 
Although the following experiment procedure is automatically executed by the Labview 
program, it is still important to understand the actual process, especially for the trouble shooting 
purpose. First of all, the vacuum pump is always on during the entire experiment so it should be 
vacuum pressure within the cylinder and the piston should be at the very back in the accumulator 
before the cycle starts. Each individual cycle is started by filling the piston accumulator with a 
premixed, combustible-gas mixture, including acetylene (C2H2), 50/50 oxygen and nitrogen, and 
air. The Parker ACP piston, with volumes of 0.95 liters, can provide ambient density of around 
15 kg/m3 inside the chamber upon injection. Fig. 4.3 and Fig. 4.4 illustrate the layout of all the 
valves. During the gas filling period, Valve 1, 2, 3 will sequentially open and close while all the 
other valves are close. The concentrations of different gases in the piston accumulator, which 
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ultimately determines the ambient oxygen concentration condition for the given test, are 
controlled by their pressures through adjusting the pressure regulators on the gas bottles. Once 
gas filling finishes, Valve 6, controlled by the step motor, opens and allow the mixture inside the 
piston accumulator be pushed into the vacuumed chamber. Note the back side of the piston 
accumulator is hooked up with a nitrogen gas bottle and vacuum line to push or pull the piston 
inside. The nitrogen pressure should be at least 300 psi to ensure sufficient force to push all the 
gas mixture enter the chamber. The spark ignites the mixture, bringing a rapid increase of 
pressure and temperature inside the chamber. As the products of combustion cool over a 
relatively long time (~2 s) due to heat transfer to the vessel walls, the vessel pressure slowly 
decreases. When the desired experimental conditions are reached, the HEUI injector is triggered 
and the fuel injection, auto-ignition and combustion processes ensue.  
The fresh pre-burn mixture charge and the exhaust gas after combustion goes in and out of the 
chamber through the same passage which connects the chamber with the gas line. Multiple layers 
of stainless steel mesh are placed on top of the aforementioned passage to prevent flame 
propagation into the gas line. Once the combustion process finish, Valve 7, which also controlled 
by the step motor, opens and the exhaust gas goes to the main exhaust line through Valve 11. At 
this point, Valve 9 closes and Valve 8 opens so the piston in the accumulator will be sucked back 
to backside again by the vacuum pressure for the new cycle. Table  4.6 summarizes the correct 
behavior or each valve during the cycle. The detailed trouble shooting procedures are provided in 
Appendix A if any malfunction occurs during the cycle.  
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4.2.3 Ambient Condition Control 
The ambient gas temperature, density, and composition at injection are determined by the 
pressure at the time of fuel injection and the initial mass and composition of gas within the 
chamber. Acetylene is used as the combustible gas for its flammability and low window 
contamination. Eq. 4.11 shows the chemical reaction of the mixture, 
4 C2H2 + (10 + ζ) O2 + 65 N2 →		8 CO2 + 4 H2O + ζ O2 + 65 N2                  (4.11)   
In the expression, ζ denotes the amount of excess oxygen. The residual oxygen concentration in 
the combustion product after premixed combustion can be controlled by the partial pressures of 
the each gas species in the mixture. Although different ambient oxygen conditions can be created 
by changing the partial pressure of pre-burn mixture species, ambient oxygen of 21% is kept in 
the studies conducted in this dissertation work. In this particular condition, the chamber ambient 
contains 21% oxygen, 66.7% nitrogen, 8.2% carbon dioxide and 4.1% water vapor by volume 
after burning the mixture. The molecular weight for the post-combustion gas mixture is 
29.738 kg/kmole, and the density is 14.8 kg/m3.  
4.2.4 Optical Setup 
Although various laser diagnostic techniques are used, the optical setup is rather straightforward 
since all the measurements related to this dissertation work on this chamber were essentially line-
of-sight, which means no laser sheet is involved. For all measurements, high speed imaging was 
carried out using a non-intensified high speed digital camera (Phantom V7.1), located above the 
optical chamber, as shown Fig. 4.5. In the following section, the details of each technique used 
will be illustrated.  
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For the spray studies, Mie scattering is used for the liquid phase detection and quantitative 
penetration length analysis were further carried out based on the Mie scattering images. Mie 
scattering predominates when the scattering particles sizes are larger than the incident light 
wavelength, which is the case in this work as fuel droplet diameters are typically in the order of 
microns whereas nanometers for the laser wavelength. For the same reason it is reasonable to 
assume that Rayleigh scattering, which typically from molecules and tiny particles (< 1/10 
wavelength), is negligible. In particular, we used a “volumetric” illumination approach, rather 
than a laser sheet as such all droplets spreading from the nozzle were illuminated to identify the 
maximum axial and radial distances of any liquid-phase fuel [102]. The light source is supplied 
by a copper vapor laser (Oxford Lasers LS20-50) which can be externally controlled to run up to 
a maximum frequency of 50 kHz with pulse duration of 25 ns. There are two major advantages 
using this copper vapor laser: 1) the laser has high external controlled frequency with extremely 
short pulse duration, which favors to freeze the object motion at ultra-high speed, 2) the laser 
uses fiber delivery which provides tremendous flexibility at the light source mounting location. 
In our case, the 10-meter fiber hooked to the laser output condenser lens at one end is connected 
to a condenser lens adapter mounted above the chamber on the other end and meanwhile the 
laser emitted light from the fiber is condensed by the aspheric condenser lens. By simply rotating 
or translating the condenser lens adapter and bracket, one can easily adjust the beam direction as 
such the desired region of interest is illuminated. It is also because the light source and camera 
are mounted at the same side of the window that the incident light has to be tilted with a small 
angle as shown in Fig. 4.5 to avoid being blocked by the camera.  
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The copper-vapor laser has two-color output, at 511 and 578 nm, with a power ratio of 2:1. 
Considering the high power density at wavelength of 511 nm, two interference filters centered at 
510 nm and 515 nm respectively, with 10 nm full width at half maximum (FWHM) achieving a 
5  nm FWHM, were used such that only the scattering from the spray are captured whereas the 
rest spectral range, mainly the visible soot luminosities >650 nm, are blocked.  
The high speed camera and the copper-vapor laser were synchronized through a BNC box. The 
camera exposure time is typically set at 3 µs regardless of the image resolution. Various spatial 
and temporal resolutions as well as the corresponding aperture size (f #) were used in the rest of 
the study depending on the parameters of interest. The scattered light signal from the spray was 
received by a Nikkor lens with 105 mm focal lens mounted in front of the camera. The camera 
was triggered by the injection signal and was set to record a sufficiently long duration to cover 
the entire spray and combustion event. The camera is connected with a computer through an 
Ethernet cable and can be controlled by the software named “Phantom 663”. Users may 
download the latest Phantom Cine Viewer and control system as well as the manual from their 
website. The recorded movies are saved as “.cine” format which can be directly seen through the 
Phantom Cine Viewer. The format conversion and further analysis are performed by Matlab, as 
will be detailed later.  
For combustion studies, natural luminosity and CH chemiluminescence measurement were 
carried out. The setup of these two measurements were very similar as the Mie scattering 
imaging, except the laser beam were shut down and different band pass filters are used. For the 
broadband natural luminosity measurement, all the filters are removed while a bandpass filter 
(Newport, 10BPF10-430) with central wavelength of 430 nm and FWHM of 10 ± 2 nm are used 
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for the CH chemiluminescence measurement. One should be cautious of the luminosity intensity 
as saturation may cause information loss during combustion analysis. It is therefore suggested to 
start with the minimum aperture (f/32 with the current Nikkor UV lens) for the measurement. 
One may also slightly increase the exposure time (~20 µs) during the CH chemiluminescence 
due to the short-lived radicals.  
The soot measurement is carried out using the FILE technique and the procedures are as follows. 
The laser and camera setup for soot measurement are essentially the same as in MIE scattering 
measurement, thus they can be left untouched. Before the experiment, an aluminum piece, served 
as the “diffuser”, is cut into a fan-shape and glued onto the bottom surface of the chamber using 
high temperature metal adhesive as shown in Fig. 4.6. The adhesive typically requires over 
4 hours before completely dry even under heated conditions.  Before the FILE measurement, one 
may adjust the condenser lens adapter to make the reflecting light from aluminum piece as 
uniform as possible.  It should be noted that this aluminum piece will quickly become blackened 
(typically less than 30 runs) if high sooty flames are presented. When this scenario happens, the 
incident light will be barely reflected even without any soot cloud in between, thus lead to 
potential error in result interpretation. Therefore one must be cautious of the diffuser “condition” 
during the experiment. Most of the blackened aluminum pieces can be reused for at least a dozen 
times after completely washed by acetone.  
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4.3 Data Processing  
4.3.1 Heat Release and Ignition Delay 
As mentioned, the in-cylinder pressure is obtained by a pressure transducer. The apparent heat 
release rate can be calculated from the pressure trace using the first law of thermodynamics as 
expressed in Eq.4.12.  
dt
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dt
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dt
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dt
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where γ is the specific heat ratio and Qn is apparent heat release. Time resolved heat release rate 
is extremely useful in determining the combustion phasing, ignition delay and combustion 
duration. The start of combustion was retrieved from the curve of the apparent heat release rate. 
A straight line was fit to the region of the steepest ascent during the rapid rise of the curve. The 
timing of the start of heat release was then determined as the point where the straight line 
intersects the time-axis. This method is very insensitive to the noise and yields an upper limit of 
heat release start timing. The ignition delay was then determined as the difference between the 
start of heat release and the start of fuel delivery.  
4.3.2 Liquid Penetration  
The raw images obtained from each complete injection sequence were first corrected by the first 
ten images of the respective sequence which was taken right before the fuel injection. The 
histogram equalization was then performed to enhance the contrast of each image and minimize 
the effect of the illumination intensity variation due to the ambient temperature difference and 
light degradation from case to case. It is also found that this procedure eliminate the bulk noise 
of the background which later makes easier the determination of both the liquid penetration and 
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cone angle. The actual pixel length is calibrated before each experiment by placing a piece of 
ruler paper inside the chamber. As the camera captures stronger reflection signal of the laser 
beam from spray, the liquid penetration length can be defined as the distance between the 
injector tip and the threshold pixel along the jet centerline. 
The determination of the threshold has been discussed by a number studies [100,102,125]. In a 
most recent study, both the centerline intensities and the derivatives have been used to divide the 
spray jet into continuous liquid core, droplets and fuel vapors [125]. After performing a similar 
analysis, it is found that the liquid penetration length is relatively sensitive to the threshold after 
the onset of ignition as can be seen in Fig. 4.8. The left side of Fig. 4.8 represents the scenario 
before ignition, which is similar to the evaporating spray studies. It can be seen that the tip of the 
spray is very clear the penetration length is insensitive to threshold (i.e., the maximum value is 
255 in a 8-bit image, a threshold from 20%, or value of 51, to 80%, or value of 204, only makes 
a difference smaller than 1 mm).  As the spray starts to burn as shown on the right hand side, the 
tip of the spray becomes blurring and difficult to distinguish. As a result, a threshold from 20% 
to 80% can easily make a difference up to 5 mm. To determine the penetration length in a 
consistent and relatively objective manner, following procedures are performed in the 
calculation.  
First, it can be observed that even in the burning spray, the threshold range from 70% to 90% 
consistently yields a length difference around 1 mm, which is equivalent to 10% error in the 
worst case. Therefore a threshold value of 85% is chosen for the entire study and the penetration 
length is defined as the distance from the injector tip to the threshold location. Second, it should 
be mention that penetration is not merely decided by "one" pixel reaching the threshold, but 
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rather a 3×3 pixel arrays whose values are all above the threshold such that the possibility of 
detecting false penetration tip can be minimized. This procedure is particularly useful for the 
burning spray as illustrated in Fig. 4.8, where pixel value fluctuation could be substantial along 
the center line.  Third, once the time-resolved penetration curve is acquired, the erroneous value 
that exceeds 100% of the average quasi-steady state value is eliminated and replaced with the 
value in the previous time step. This occasion only occurs in the image post-processing with 
significant background noise. Last but not least, all the quantitative analysis was averaged over at 
least five shots for a statistical basis. The procedures ensure a consistent determination of liquid 
penetration and enable fair comparison among different fuels or conditions. The liquid 
penetration renders 10% error for the worst case and the error for each individual case will be 
marked on the corresponding figures hereafter.     
4.3.3 Lift-off Length 
The soot lift-off length (SLoL) is determined from the natural luminosity images. As mentioned, 
although OH* is more often used in the lift-off length calculation since it is a robust mark for the 
heat release zone, the broadband natural luminosity could also provide the general flame 
structure in a time-resolved manner, and yield similar as the LoL from OH*. The detailed 
procedures share a lot of similarities with the liquid penetration calculation, as the injection tip 
centerline analysis was performed and can be seen in Fig. 4.8.  
To assess the flame lift-off, the distance is again measured from the injector tip to the closest 
pixel above a certain threshold value found in the flame image on the jet centerline. The 
determination of the threshold has been discussed in previous studies [106], where generally a 
certain percentage of the maximum pixel value (10%~30%) in the flame image is chosen. In this 
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study, it is found that 50% percentage of the maximum pixel value yields the least sensitive 
length calculation regardless of the sooty level as shown in Fig. 4.8. The analysis was also 
averaged over at least five shots for each case and the error was up to 15% for the worst case.  
4.3.4 Soot Quantification Using FILE  
The principle of the FILE measurement has been illustrated in 4.1.3. The following section will 
detail the actual realization in post-processing. For each injection event, several frames (typically 
three to five frames) will be recorded as the baseline laser intensity I0. Note the diffuser should 
be clean otherwise the contaminated background could lead to a smaller I0 and underestimate the 
real soot emission. Meanwhile, the diffuser will become blackened at due time depending on the 
sooty level of the diffusion flame produced in each injection event. Therefore it is recommended 
that the FILE measurement should not go beyond 30 injections for one experiment.  
Once the injection is triggered, the subsequent images represent the transmitted laser intensity I 
at their corresponding time, which can be further converted into the soot volume by Beer’s law. 
If we examine the expression Eq 4.8, the only unknown left are pixel area pixA  and the density of 
the soot
sootρ . The pixel area can be obtained through the standard calibration method which 
provides the length of each pixel whereas the soot density is considered as a constant. For the 
soot density, some studies have demonstrated that the value was about 1.8-2.0 g/cm3. In this 
paper, the soot density was chosen as 2.0 g/cm3 based on the recent ultra-small-angle X-ray 
scattering work by Braun et al.[126] and helium pycnometry measurements by Di Stasio [127]. 
It is worthwhile to mention that a fan shape mask is enforced onto the FILE images to block 
noise caused by cylinder wall scattering as shown in Fig. 4.6. The pixels outside of the mask are 
essentially blocked so they are not counted in the soot mass calculation. The liquid phase of the 
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spray jet sometime will also be reflected on the FILE image especially at low ambient 
temperature conditions. Under such circumstances, the mask need to be moved lower such that 
only the signals as the jet downstream are collected for the soot calculation.  
4.4 Baseline Measurement Using Diesel 
The diesel combustion in the constant volume chamber has been extensively studied in the past 
decade.  The purpose of repeating the previous study is on one hand, create a baseline database 
since the diesel fuel is essentially a multi-component fuel itself and its exact fuel properties could 
be different from previous studies. The fuel properties of the baseline diesel are listed in Table  
4.7. On the other hand, it helps to demonstrate the capability of the facility and verifies the 
previous results. The resulted shown in this chapter are all conducted with injection pressure 
130 MPa.  
The liquid penetration of the burning diesel spray at various ambient temperatures is shown in 
Fig. 4.9. The impact of the ambient temperature is apparent as the liquid penetration decreased 
with elevated ambient gas temperature, which is expected due to the enhanced vaporization and 
shorter ignition delay at higher ambient temperature. At ambient temperature equivalent or lower 
than 1000 K, a decreasing trend was observed during the course of the injection, suggesting the 
drop breakup and evaporation at the tip of the spray shortened the liquid phase of the spray. The 
decreasing trend is opposite to the quasi-steady state (QSS) trend reported for non-burning 
vaporizing sprays with high pressure diesel injection. In this regard, the liquid phase cannot be 
characterized with a single QSS value. At higher ambient temperature, the liquid penetration 
reaches QSS state immediately after the start of injection.  
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Fig. 4.10 and Fig. 4.11 illustrate the space integrated natural luminosity (SINL) and soot lift-off 
length (SLoL) at various ambient temperatures respectively. The broadband natural luminosity is 
consisted of both soot luminosity and chemiluminescence with the former much stronger in 
intensity. The natural luminosity can be regarded as a good indicator the soot temperature and 
concentration. Higher ambient temperature led to higher QSS value of the SINL suggesting high 
sooting level of the diesel flame with conventional engine combustion temperatures.  Higher 
ambient temperature also resulted in an early rise of the SINL which is of the same trend of the 
ignition delay. The high sooting level of the diesel fuel can partially explained by the short SLoL 
as reflected in Fig. 4.11. The correlation between the lift-off length and the soot emission has 
been studied by Pickett and it is reported that longer lift-off length favors air entrainment thus 
enhance the soot oxidation. The time resolved SLoL illustrate a significantly longer initial SLoL 
at low ambient temperature followed by a decreasing trend throughout the combustion process 
whereas the lift-off length dropped to a QSS value at higher ambient temperatures. The soot 
emission trend predicted in by SINL is further confirmed by the space integrated soot mass 
measured using FILE at different ambient temperatures, as shown in Fig. 4.12. The evolution of 
the soot mass marked two clear periods, with soot formation peaked in the first approximately 
two milliseconds after the onset of soot, followed by the soot oxidation spanned the rest of the 
combustion. Again, low ambient temperature yielded lower soot mass confirmed the superiority 
of low temperature combustion in respect of the soot emissions.  
Fig. 4.13 and Fig. 4.14 shows the natural flame luminosity, soot and CH* measurement at 
ambient temperature of 800 K and 1200 K respectively. Note the measurement is not 
simultaneous, yet the same temporal resolution enables the comparison of different diagnostics at 
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the same time step, which elucidate the details of the diesel spray combustion. At low ambient 
temperature of 800 K, the soot luminosity is first seen at the near-wall region where the soot was 
first formed in the core region of the spray jet. The CH* measurement also saw the cool flame 
appeared first at the downstream of the spray jet.  It can be seen that the majority of the soot was 
formed before hitting the wall while the oxidation started to play the major role once the soot 
cloud impinged upon the wall and spread along the circumference. At high ambient temperature, 
a similar trend between the natural luminosity and soot mass evolution can be still clearly 
observed. Regardless of the ambient temperature, the soot is still primarily formed at central 
downstream of the lift-off length region before hitting the wall. Higher ambient temperature led 
to higher sooting level of the flames, which is reflected by a large expanded soot cloud. A higher 
ambient temperature, soot concentration gradient becomes more apparent as a “tail’ was seen 
stretched back towards the injector with low soot concentration. As mentioned, the short lift-off 
length essentially reduced the air entrainment and consequently the soot oxidation. With 
significantly lowered lift-off length, the soot mass at the upstream of the jet is much higher due 
to the deprivation of the oxygen. Higher ambient temperature also manifest much high CH* at 
the downstream of the spray jet. By comparing the three diagnostics at the same time step, it can 
be found that the upstream natural luminosity (very close to the injector tip) is mainly 
contributed by the chemiluminescence while the downstream luminosity is consisted of both soot 
luminosity and chemiluminescence.  The results in Fig. 4.10 and Fig. 4.11 clearly demonstrate 
the difference of soot emission mechanisms of the diesel spray combustion at various ambient 
temperatures.   
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Table  4.1  Evaluation of different apparatuses for fundamental spray and combustion studies 
[94] 
 Engine Optical Engine 
Constant 
Volume 
CV: 
Pre-burn 
Constant 
Volume 
CV: 
Heated 
Constant 
Pressure 
Flow Rig 
Rapid 
Compression 
Machine 
 
Optical access - + + + + +  
Engine flows + + - - - -  
Geometry + + - - - -  
Condition 
characterization - - + + + 0 
 
Condition 
control - - + + + 0 
 
Range of 
achieved 
conditions 
- - + 0 0 0 
 
 
+    Signifies pros 
-     Signifies cons 
0 Signifies no definite advantage or disadvantage 
 
Table  4.2 Spray penetration trend with increase in different parameters [96, 98] 
 Spray penetration trend with increase in parameter 
Fuel temperature   
Ambient density   
Ambient temperature   
Nozzle orifice diameter   
Fuel boiling point   
Injection pressure  No effect 
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Table   4.3 Cone angle with impact of different parameters [98] 
 Cone Angle trend with increase in parameter 
Ambient density   
Ambient temperature   
Nozzle orifice No effect 
L/d ratio   
Injection pressure  No effect 
 
Table   4.4 Lift-off length trend with impact of different parameters [104,106] 
 Spray penetration trend with increase in parameter 
Ambient density   
Ambient temperature   
Nozzle orifice  
Injection pressure   
Oxygen  
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Table  4.5 Injector Parameters 
Nozzle type Valve-covered orifice 
Number of nozzle holes 6 
Orifice diameter 0.145mm 
Injection duration 3.5 ms 
Fuel Temperature 350 K 
 
Table  4.6 Valve timing  
 Vacuum 
Fill 
Image Discharge 
C2H2 Air N2 Chamber 
V1 × √ × × × × × 
V2 × × × √ × × × 
V3 × × √ × × × √ 
V4 × × × × × √ × 
V5* √ √ √ √ × √ √ 
V6 × × × × √ × √ 
V7 × × × √ × × √ 
V8 × × × × × √ √ × 
V9 × × × × √ × × 
V10 × √ √ × × × × 
V11* √ × × √ √ √ √ 
 
* These two valves are normal open while all the other valves are normal close 
√ Valve opens 
× Valve closes 
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Table  4.7  Base line fuel properties 
Molecular formula C12-C25 
Cetane index 40 (min.) 
Total sulfur (ppm) 7~15 
Density (g/ml) 0.82-0.86 
Auto-ignition temperature (°C) ~210 
Lower heating value (MJ/kg) 42.5 
Flash point (°C) 65-88 
Boiling point (°C) 180-230 
90% distillation point (°C) 293.3~332.2 
Viscosity (cst) 1.5~4.5 
 
 
 
 
Fig. 4.1 The constant volume chamber 
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Fig. 4.2 Current signal of the HEUI injector 
 
 
Fig. 4.3 Valve arrangement 
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Fig. 4.4 Schematic of the valves 
 
Fig. 4.5 Schematic of the laser setup 
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Fig. 4.6 The FILE method 
 
 
Fig. 4.7 Liquid penetration determination 
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Fig. 4.8 Soot lift-off length determination 
 
Fig. 4.9 Liquid penetration at various ambient temperatures with injection pressure of 130 
MPa
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Fig. 4.10 Space integrated natural luminosity at various ambient temperatures with 
injection pressure of 130 MPa 
 
Fig. 4.11 Soot lift-off length at various ambient temperatures with injection pressure of 130 
MPa
 
133 
 
 
 
Fig. 4.12 Space integrated soot mass at various ambient temperatures with injection 
pressure of 130 MPa 
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Fig. 4.13 Natural flame luminosity, soot and CH* measurement at ambient temperature of 
800K 
 
Fig. 4.14 Natural flame luminosity, soot and CH* measurement at ambient temperature of 
1200K  
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Chapter 5 Spray and Combustion Characteristics of Emulsified Diesel 
 
Emulsified Fuels are emulsions composed of water and a combustible liquid, either oil or a fuel. 
Emulsions are a particular example of a dispersion comprising of a continuous and a dispersed 
phase. In the case of emulsions both phases are immiscible liquids, i.e., oil and water. Emulsion 
fuels can either be a micro-emulsion or a macro-emulsion. The essential differences between the 
two are stability as micro-emulsions are thermodynamically stable systems, whereas macro-
emulsions are only kinetically stabilized and will separate over time. Another difference is the 
particle size distribution as micro-emulsions are formed spontaneously and have bubble 
dimensions of 10 to 200 nm, whereas macro-emulsions are formed by a shearing process and 
have bubble dimensions of at least 100 nm to over 1 micrometer. Micro-emulsions are isotropic 
whereas macro-emulsions are prone to settling (or creaming) and changes in particle size over 
time. Both use surfactants and can be either water-in-oil W/O (invert emulsions), or oil-in-water 
O/W (regular emulsions) or bi-continuous such as oil-in-water-in-oil O/W/O. 
Water as an additive into the diesel fuel has been proven promising in engine combustion. On 
one hand, the latent heat of the water produces significant vaporization cooling inside the 
diffusion flame, which effectively suppresses emissions. On the other hand, the multi-component 
fuel with its components possessing vastly different volatilities will lead to micro-explosion, a 
phenomenon that could substantially promote the mixing process which favors better combustion 
efficiency. Such unique features have made the fuel emulsification a potential solution for the 
classic diesel engine dilemma known as the "Particulate Matter-NOx trade-off". Meanwhile, fuel 
emulsification has its own limitations and challenges such as fuel stability and power reduction. 
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In this chapter, a macro-emulsion of diesel was studied in the same constant volume chamber as 
illustrated in the previous chapter, with particular focus on the micro-explosion phenomena. The 
chapter starts with a literature review on emulsified fuels. The emulsion preparation procedure 
will be detailed, followed by the high speed imaging spray and combustion results and 
discussion. The chamber setups, experimental procedure as well as the post-image processing 
procedure are detailed in Chapter 4.  The contents in this chapter have been partially published in 
“Study on the spray and combustion characteristics of water-emulsified diesel” Fuel, 123, 148-
229, 2014 [128] 
5.1 Literature Review 
Emulsified fuel's capability of reducing NOx can be attributed to the vaporization of water, which 
suppresses the local adiabatic flame temperature and thus substantially reduces the NOx 
emission. Its soot reduction capability can be explained by the better air/fuel mixing process 
featured by enhanced atomization since micro-explosion may occur due to the drastic volatility 
difference between the different phases of the fuel. For non-premixed flames, reduction of the 
adiabatic flame temperature also contributes to soot reduction. Moreover, the water dissociation 
can form hydroxyl radicals during the combustion which helps to oxidize the soot thus reducing 
the soot emission [130-133].  
The micro-explosion phenomenon, which greatly enhances fuel atomization, is of particular 
interest. In the combustion of a multi-component droplet with its components possessing vastly 
different volatilities, a micro-explosion event will be induced by the superheating of the more 
volatile components that are trapped in the interior of the droplet whose overall boiling 
temperature is controlled by the less volatile component in the mixture. The occurrence of such 
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an event causes violent secondary breakup and as such, the burning rate of the droplet is 
significant increased [93]. Although the existence of micro-explosion for a single fuel droplet has 
been well documented [131-141], the presence of such phenomena in either a combusting or 
non-combusting spray and how it facilitates atomization is still open to question. The observation 
of micro-explosions in droplet combustion arouses interest in finding similar evidence in the real 
engine combustion environment. Note that the droplet behaviors as well as the ambient 
conditions in a spray are substantially different from those conducted in single droplet 
experiments. Therefore, the hypothesis that micro-explosion occurs in the spray and helps 
enhance the secondary breakup which ultimately reduces the soot and NOx emissions still 
requires further experimental support. The injection and ambient conditions that potentially favor 
the occurrence of micro-explosion in spray combustion also needs to be explored.  
The presence of micro-explosion in atomized emulsion sprays were demonstrated in separate 
experiments by a number of investigators [142-149]. For the non-combusting spray, Wu et al. 
[142] used the laser holography shadowgraph to visualize the spray in a diesel/water/ethanol 
emulsion in which an apparent raised part can be seen in the main jet body which suggested the 
occurrence of micro-explosion. Watanabe et al. [143] used extremely high speed imaging to 
visualize secondary atomization in an emulsified-fuel spray flow by shadow imaging; they 
reported consistent observation of puffing and partial-micro-explosion, but complete micro-
explosion was rarely observed. For the combusting spray, the direct flame photographs, 
temperature profiles and micro-explosion frequencies have been shown by Fuchihata et al. [144-
146]. They reported observation of small droplets with diameters less than 50 µm exploding in 
the spray flame. In the study of Raul et al. [125], some "glowing spots" were observed inside the 
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burning spray and might have resulted from micro-explosion. A summary of the visual evidence 
of micro-explosion in previous studies has been listed in Table  5.1. To date, observations such 
as increased cone angle, unusual jet body detachment on the tip/periphery of the spray, glowing 
spots are often used as the evidence of micro-explosion whereas direct visualization were much 
less reported. The challenge of capturing the phenomena not only comes from the demanding 
hardware requirement for high temporal and spatial resolution, but also from the nature of the 
phenomenon itself, as micro-explosion is a highly transient process and is very sensitive to the 
fuel properties as well as ambient conditions. In the single droplet tests [141], it has been 
illustrated that micro-explosion can occur over a broad range of temperatures and waiting times 
and its occurrence is statistically based. It is therefore reasonable to assume a similar scenario for 
micro-explosion in a spray flame. All these factors make the capture of micro-explosion in a 
spray very challenging.            
The primary motivation of the present study is to explore micro-explosion in a spray flame by 
investigating the spray and combustion characteristics of emulsified diesel under a wide range of 
conditions. High speed (15037 fps) liquid scattering imaging and broad-band luminosity imaging 
were carried out for studying the spray and combustion respectively. The impact of the ambient 
temperature and injection pressure on the spray penetration and natural flame luminosity were 
evaluated for emulsified diesel with different blending ratios. By intentional overall over-
exposure of the natural flame imaging, puffing and disruptive droplet combustion were observed 
in a burning spray flame around the lift-off region. It is demonstrated that the micro-explosion 
could not only enhance the secondary breakup, but also affect the primary breakup under certain 
conditions which to the author’s knowledge has never been reported before. The experimental 
139 
 
 
data will also be of great value in future micro-explosion modeling in a burning spray. A 
secondary motivation of the study is to address the stability issue of the emulsified diesel in view 
of the hydrophilic-lipophilic-balance (HLB) value. The HLB value of a surfactant is a measure 
of the degree to which it is hydrophilic or lipophilic, which is defined as: HLB=20×Mh/M, where 
Mh is the molecular mass of the hydrophilic portion of the molecule. It is based on a scale of 0 to 
20 where a value of 20 corresponds to a completely hydrophilic molecule. A mixture with an 
HLB value higher than 10 will be considered water soluble whereas an HLB value smaller than 
10 will be considered lipid soluble. For fuel emulsions, the HLB value typically ranges from 1 to 
10, with optimized value vary for specific fuels. Based on the stability test, the suitable surfactant 
composition for the diesel/water interfacial condition will be given. The separation tendency of 
the fuel with different water volumetric ratio is also analyzed providing guidance in future 
diesel-emulsion preparation. 
5.2 Fuel Preparation 
Ultra low sulfur diesel (ULSD) was used as the base fuel and the oil phase in the current study, 
with its properties tabulated in Table  4.7. A hydrophilic surfactant TWEEN 80 (Polysorbates) 
with HLB value of 15 (Sorbitan monooleate) was added into water for reducing the interfacial 
tension and retarding the flocculation, coalescence, and creaming between oil and water phases. 
Meanwhile, Span 80 with HLB value of 4.3 was added into ULSD to stabilize the oil phase. A 
magnetic stirrer (Temper, Fisher Scientific Inc.) was employed to mix and heat the water and 
ULSD while the TWEEN 80 and Span 80 were added in respectively. A two-step procedure was 
utilized to prepare the oil-in-water-in-oil (O/W/O) emulsions in this research with particular 
intention to facilitate the micro-explosion: An O/W emulsion was first prepared by adding 1/9 in 
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volume USLD into water-TWEEN 80 mixture and blended at 10000 RPM for 5 minutes. The 
above mixture was then gently poured into the specific amount of ULSD-Span 80 mixture and 
emulsified for a period of time at 50 0C and 10000 RPM to form the O/W/O emulsion. In the 
final product, the water contents varied from 5 to 20 vol. % with fixed 2 vol. % total surfactant 
ratio. In the rest of the text, the ULSD emulsions will be represented by W + number with 
number indicating the volumetric ratio of the water.  
The HLB value is the most referable parameter of surfactant selection in the emulsification 
process as higher HLB value can be interpreted as more hydrophilic tendency of a surfactant. In 
the mixture, combined HLBs were used and calculated by the following equation: 
HLBcomb = HLBS×WS + HLBT×WT                                         (5.1) 
where subscripts S and T stand for Span 80 and TWEEN 80 respectively; W is the mass ratio of 
each surfactant (WS + WT = 1). In order to optimize each surfactant volumetric ratio with respect 
to the fuel stability, W20 emulsions with HLBcomb value varied from 5.0 ~ 8.0 were tested and 
the stability results indicated that HLB = 5 is relatively the most suitable surfactant composition 
for the diesel/water interfacial condition  
The following two methods were employed to characterize the stability of the emulsion: (1) a 
two-week (14-day) continuous record of daily fuel changes; and (2) observation and analysis of 
W/O droplet sizes using an optical microscope (OLYMPUS BX51TF, TOKYO, JAPAN) with 
400× amplification coupled with a CCD camera. The first method is aimed to observe the 
destabilization tendency of the emulsion after short term storage. Each tested fuel was stored in a 
centrifugal tube at ambient temperature of 250C immediately after their production. The larger 
separated water phase volume at the bottom of tube towards the end of the 14-day standing 
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means less stability of the emulsion. In order to estimate the phase separation tendency after a 
long-term storage, the second method was carried out to capture the micro images of the water 
bubbles. The Sauter mean diameter (SMD) distribution of the bubbles was further obtained using 
the image post-processing software (Image-Pro Plus). With the bubble size distribution and SMD 
measurement, the tendency of phase separation could be predicted. 
5.3 Results and Discussion 
5.3.1 Fuel Stability 
After 14-day standing, separate layers were clearly observed in W20 emulsions with HLB equal 
to 6, 7, and 8, while  only HLB value of 5 presented a milky-white emulsion with no separate 
layers indicating that this is the suitable surfactant composition for the diesel/water interfacial 
condition. However, neither blending duration time over 5 minutes nor water content showed 
any significant impact on the appearance of emulsion as all the O/W/O diesel with different 
water contents and blending duration displayed one stable crystalline phase. Thus, micro-scale 
observation is further carried out to evaluate the phase separation tendency. 
The bubble size distribution and SMD is usually used to grade the homogeneities of different 
fuels [131]. Additionally, the smaller droplet diameter leads to greater reaction surface per 
volume of fuel, thus promoting more complete combustion. Fig. 5.1 demonstrates the bubble 
appearances, sizes and homogeneities of W5, W10, W15 and W20 under a 400× microscope. It 
can be seen that W5 has the smallest and most homogeneous bubble distribution while the big 
bubbles increases with the water contents. For the quantitative analysis, Fig. 5.2 illustrates the 
probability density function (PDF) of the O/W/O bubble sizes. The PDF curves displayed that 
the W5 and W10 had relatively higher fractions of small bubbles around 2 µm while W15 and 
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W20 had lower peak value at the smaller diameter region. Additionally, all of the W10, W15 and 
W20 had an extra peak close to 4 µm of diameter which means a more non-homogeneous 
distribution than that of W5. The volumetric density function (VDF) was defined as: (the volume 
ratio of bubble with specific diameter) / (overall bubble volume) in Fig. 5.3. VDF could amplify 
the contribution of the huge bubbles with small number count, which is not shown in the PDF 
graph. According to the VDF, the specific bubbles with relatively longer diameter were found 
around 17~21 µm and 24~30 µm in the W15 and W20 curves, respectively. The above results 
reveal that the destabilizing tendency increased with the increasing water content even though 
W20 still stayed in one phase after a 14-day standing. 
For grading the stability of different water additions, bubble diameter and SMD of W5, W10, 
W15, and W20 were calculated and tabulated in Table  5.2. This result again indicated the 
instability of higher water fraction in emulsion which would flocculate, coalesce, and form 
cream after a longer time which is supported by the aforementioned VDF graphs. From the 
micro-explosion point of view, Fu et al. [150] have reported that the micro-explosion intensity 
has a maximum value around 40~60 vol. % of water and decreased with either lower or higher 
water content. This conclusion is supported by the fact that the storage energy of nucleation will 
be small and lead to a weak micro-explosion when the water content is small; when water ratio is 
large, more water is needed to evaporate for keeping on an oil membrane formation, which will 
lead to a smaller water portion remained in the dispersed bubble. In the current study, the 
generated emulsified fuel must be stable, but at the same time also facilitated possible micro-
explosion exploration in a burning spray. Consequently, W10 and W20 were chosen for the 
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spray and combustion study because the higher water volume favors the occurrence of micro-
explosion while the storage time can still reach up to at least two weeks. 
5.3.2 Spray Analysis 
The evolution of the spray from individual shots for the tested fuels under ambient temperatures 
of 800 K and 1200 K are illustrated in Fig. 5.4. The images displayed are from the start of 
injection with a time interval of 67 µs between the consecutive images. Although all six spray 
plumes can be seen within the camera view, the laser beam was focused to illuminate only one 
plume, which explains the intensity difference observed among the plumes. The images were 
also “reversed” for better presentation of the downstream portion of the spray jet, in other words, 
the “black” region is the spray that was actually illuminated while the “white” region is actually 
dark in the original raw image. As expected, emulsified diesel presented longer liquid 
penetration compared with ULSD under low ambient temperatures because of the low volatility 
of the water, which is consistent with previous studies [125]. A thickened spray tip is observed 
for emulsified diesel at the beginning stage due to its higher viscosity and surface tension 
compared with the ULSD, and consequently being more resilient to primary breakup. It is thus 
speculated that the primary breakup occurred further downstream for the emulsified diesel under 
this condition.  At ambient temperature of 1200 K, the emulsified fuel featured similar liquid 
penetration length as that of ULSD, indicating that the ambient temperature impact outweighed 
the physical properties of the fuel. It is of particular interest to notice that two of the spray 
plumes of W10 were “fattened” at the early stage of the spray evolution; W20 also shows wider 
spray cone angle and shortened initial tip penetration in the first couple of snapshots but less 
apparent than those observed in W10. Because of the plume-to-plume variation, it is challenging 
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to compare the spray pattern between ULSD and emulsified diesel on a statistical basis. 
However, the initial “fattened” spray pattern does indicate more violent breakup which will be 
further discussed in the later sections.  
The quantitative measurement of the liquid penetration, based on the leading edge detection, is 
shown Fig. 5.5. We first recognize the error sources in this measurement technique. A threshold 
sensitivity test is first performed with the threshold ranging from 10% to 25% of the maximum 
pixel intensity and indicating that little sensitivity in intensity is found for the investigated range. 
Based on the visualization of the spray image, it is found that the major uncertainty arises from 
the turbulent mixing at the leading edge after the combustion begins. Although a narrow-band 
pass filter is applied, strong soot incandescence may still contribute to the signal received by the 
camera as shown in Fig. 5.5b. Given the relative magnitude of the error sources, the liquid 
penetration calculation yields a maximum uncertainty up to 10% for the peak penetration length 
and an overall uncertainty of 5% on a shot to shot basis.  
The fuel property, ambient temperature and injection impact on liquid penetration is further 
justified in Fig. 5.5. At low ambient temperature of 800 K, water addition caused initial longer 
penetration of the spray by around 40% compared to ULSD. A sudden steep drop on the curve, 
which coincides with the start of combustion timing, is observed for W10 and W20 indicating 
that the mixing-controlled flame stretched back towards the injector tip and swallowed the liquid 
jet spray. Both longer penetration and longer ignition delay will allow more air entrained in the 
lift-off which benefits emission reduction. However, the initial long penetration has to be taken 
into account from a geometrical point of view as wall wetting could potentially be caused under 
low temperature combustion, which may lead to high levels of hydrocarbon and carbon 
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monoxide emissions as well as fuel/oil dilution, and consequently deteriorate engine 
performance.  In comparison, the penetration under ambient temperature of 1200 K was 
significantly shorter and reached a quasi-steady state almost immediately after the onset of 
injection. The impact of water addition is also much weakened due to the shorter ignition delay. 
Given the elevated ambient temperature conditions, the high evaporation rate and more violent 
breakup of the spray jet overwhelmed the impact of the physical properties of the fuel such as 
low volatility and higher surface tension. 
5.3.3 Combustion Analysis 
The heat release rates for different injection pressures and ambient temperatures, derived from 
the chamber pressure, are illustrated in Fig. 5.6. It is clearly shown that among the different 
variables, the ambient temperature had the dominant impact on the combustion characteristics. 
The lower ambient temperature shifts the combustion phasing towards premixed combustion, 
which is expected due to the longer ignition delay. The strong dependence of the ignition delay 
on the ambient temperature agrees with previous studies [151]. It is interesting to notice that only 
at low ambient temperature and low injection pressure, the increase of the water content caused 
longer ignition delay while in medium and high ambient temperature cases the difference is 
negligible.  In the study of Ghojel et al. [151], they reported an increase of both pressure ignition 
delay and luminous ignition of the diesel emulsion, however, with 15% water content, the 
ignition delay was retarded by only ~0.02 ms compared to pure diesel; once the water content 
reaches 35% or higher, the delay jumps up to ~0.2 ms.  This agrees with the results in the current 
study and confirms that with water content below 20%, the ignition delay of the emulsified diesel 
should not account as a major issue with high and medium ambient temperature. The increase of 
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the injection pressure reduced the ignition delay as the dynamics of the higher jet velocity 
entrained more air into the spray jet. The higher oxygen concentration in this region reduces the 
ignition delay.  The impact of the injection pressure was far less than the ambient temperature. 
The space integrated natural luminosity (SINL), as shown in Fig. 5.7, was calculated by 
integrating the pixel values over the entire image and averaged over five different runs. The 
natural flame luminosity consists of two parts; chemiluminescence and soot incandescence. The 
latter is much stronger than the former one, thus it is reasonable to argue that the soot luminosity 
can be well represented by the broadband luminosity, which is a good indication of the soot 
temperature and concentration [118]. As expected, water addition led to lower soot luminosity 
especially under the low ambient temperature conditions. The ignition, marked by the rise of the 
SINL, was remarkably retarded with the increase of the water content in the fuel at low ambient 
temperature, whereas negligible difference was noticed in the ignition delay at high ambient 
temperature. The results are consistent with the findings in the liquid penetration measurement. It 
is interesting to notice that the glowing spots observed around lift-off at high ambient 
temperatures did not help the reduction of the soot luminosity at the start of combustion with 
W10. As water volumetric ratio increased to 20%, the initial soot luminosity is lower as featured 
by the less steep rise of the slope, indicating the cooling impact of the latent heat of water may 
have a larger contribution to the soot reduction.  
In order to examine the impact of water on the SLoL, Fig. 5.8 shows the SLoL at different 
ambient temperature and injection pressure. It appeared that adding water into diesel will slightly 
increase the SLoL at high ambient temperature and the increase became marginal at low ambient 
temperature. The injection pressure also has minimal impact on the SLoL. Previous studies 
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[9,14] have extensively discussed the relationship between lift-off length and ignition delay, 
under the notion of a time-averaged single-value lift-off length. It is concluded that short lift-off 
length usually comes along with shorter ignition delays, nevertheless, the transient results at low 
ambient temperature of 800 K in the current study suggest otherwise. ULSD apparently has 
shorter ignition delay than either W10 or W20; however it presented marginally shorter initial 
SLoL with either injection pressure conditions. Moreover, over the course of combustion, the 
SLoL for different fuels essentially converge indicating that the lift-off length is not necessarily 
related to the ignition delay, if considering its transient behavior.  
To better quantify the natural luminosity characteristics of the entire combustion duration, time 
integrated natural luminosity (TINL) is calculated by further integrating the SINL with time. 
TINL is an indication of the soot temperature and concentration over the entire combustion 
cycle. Fig. 5.9 illustrates the TINL for tested fuels at various ambient temperatures and injection 
pressures. The addition of the water lowered the TINL due to the better atomization 
characteristics of the fuel as well as the evaporation cooling of water, which effectively 
suppressed the soot formation. It is found that the reduction magnitude from 10% to 20% water 
is typically larger than that from 0% to 10%, which most likely resulted from the much retarded 
ignition delay and more homogeneous mixture prepared before the onset of combustion. The 
high water content, however, has a higher tendency to be unstable as aforementioned. In this 
regard, the emission-stability trade-off will be an interesting study in the future for the 
application of emulsified fuel. 
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5.3.4 Micro-Explosion 
To explore micro-explosion, two different camera configurations were used for different 
purposes as shown in Fig. 5.10. In the first configuration (the same configuration as in Mie 
scattering, thus exactly the same field of view), the camera resolution is 512×216 with a speed of 
15037 fps. A relative larger camera aperture size of f/22 with intentional over-exposure was 
chosen such that a stronger signal at lift-off region could be captured. The essence of this 
imaging method is that the strong chemical luminosity and soot incandescence from the diffusion 
flame could also illuminate the liquid phase in the flame lift-off region. In the typical broad-band 
natural flame luminosity measurement, the over-exposure should be by all means avoided 
because 1) over-exposure could cause image saturation downstream of the flame thus causing 
loss of  information and 2) the signal from liquid scattering may contribute the total “natural 
luminosity” causing ambiguity in the post-processing. However, we found that the over-exposure 
is an effective way in order to trace the liquid phase especially at the downstream central region 
of the lift-off for micro-explosion detection purposes; therefore two different camera 
configurations were applied. Fig. 5.11 illustrates three individual shots of the natural flame 
evolution near lift-off region for W10 at ambient temperature of 1200 K and injection pressure of 
70 MPa. As mentioned, intentional overexposure was forced by using a relatively larger camera 
aperture and indeed caused image saturation far downstream near the wall; however the liquid 
phase was also illuminated at the lift-off.  Note that the quantitative flame luminosity analysis 
was carried out using another configuration where overexposure was carefully avoided. From the 
images, it is very interesting to observe the abnormal droplet explosion along the lift-off just 
downstream of the injector tip at the beginning stage of the combustion under high ambient 
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temperature conditions. By further magnifying the image as shown in Fig. 5.12, bright spots of 
similar or higher luminosity intensity than the lift-off, yet not as bright as the diffusion flame 
front, are seen scattered around the lift-off region. This droplet behavior has never been observed 
during the combustion of ULSD as illustrated in Fig. 5.13, indicating this could have resulted 
from micro-explosion because of the drastic boiling temperature difference between water and 
ULSD. 
A previous study has reported "glowing spots" in the burning flame of the emulsified fuel [125]. 
The observation in the current study, however, is different in several aspects. First, some of these 
scattered spots were not merely "glowing", but also visibly going through a violent disruption. 
As seen in the snapshots of Fig. 5.11a, the glowing spots near the lift-off of the left-most plume 
are still grouped together at 1.86 ms; a ligament rose from the spray core in the subsequent 
snapshot and eventually outburst into a number of tiny glowing spots at 2.33 ms; similar 
behavior is also observed in Fig. 5.11c. This spray behavior is very similar to the “puffing” 
observed in the single droplet micro-explosion measurement. The observation of such 
phenomena, as illustrated in the individual snapshot in Fig. 5.11, is on both a shot-to-shot and 
plume-to-plume basis, thus it is unreasonable to make any ensemble averaged analysis. 
Therefore, the author took the approach that whenever such spray behavior was detected; at least 
five more runs would be executed under the same conditions to verify if it can be consistently 
observed. Each condition will then be determined as either “observed” or “not observed” for 
such phenomena.  
No apparent drops were detected from the Mie scattering image at the corresponding time as 
shown in Fig. 5.14, although a ligament raising from the liquid core is observed randomly. The 
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absence of such drops in the spray images suggest that the glowing spots were most likely 
resulted due to droplet combustion. According to the study of Watanabe et al [143], the drop size 
from the secondary atomization induced by micro-explosion is on the order of several microns, 
which is beyond the capability of the imaging system in the author’s lab for droplet detection. 
The presence of tiny liquid drops is thus speculated at the corresponding glowing spot locations 
which were under disruptive droplet combustion, and imaging system with higher temporal and 
spatial resolution may capture them even in the Mie scattering images. Also note that with the 
illumination of the flame luminosity, the puffing behavior of the emulsified spray at lift-off is 
more easily detected than by the Mie scattering method. This is because although we used 
volumetric illumination, the light source was still just from one side of the spray, in other words, 
the puffing is difficult to be detected if it is overlapped, or even just partially overlapped with the 
jet core along the line-of-sight. Meanwhile, the luminosity from the flame itself provided 
multifaceted illumination, however, this intentional over-exposure approach will not work at low 
ambient temperature since the soot formation is suppressed which markedly lowers the flame 
natural luminosity.  
The location of the scattered droplet combustion was also of interest since the glowing spots 
were reported in the diffusion flame while in the present study; these spots were found to be 
around lift-off at 1200K indicating that it actually has an impact on the primary breakup at high 
ambient temperature. This is contrary to the traditional understanding that micro-explosion only 
enhances the secondary breakup. By decreasing the ambient temperature to 1000 K, such 
glowing spots, though much dimmer, were detected further downstream of the lift-off which is 
closer to Raul’s findings [125]. The location shift is due to the fact that the droplet combustion 
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induced by micro-explosion was postponed under lower ambient temperature which is consistent 
with the findings in the single droplet test as the waiting time was found longer under lower 
ambient pressure conditions because it took longer time for the water phase to reach the 
superheat limit to form nucleation.  
To further explore the injection impact, four different injection pressures from 70MPa to 
130MPa with an increment of 20MPa were tested at ambient temperature of 1200 K, and the 
durations of the observation are tabulated in Table  5.3. It should be mentioned that “not 
observed” only indicates no puffing or droplet combustion around the lift-off, but doesn’t 
necessarily mean the absence of micro-explosion. It can be seen that with the increase of the 
injection pressure, the duration over which the puffing and glowing spots were observed, was 
reduced and eventually completely absent for W10 at 130 MPa and W20 at 110 MPa and 130 
MPa. The absence of such phenomena at elevated injection pressure is due to the competition of 
two characteristic time scales: the micro-explosion delay time and primary breakup time. High 
injection pressure induces more violent primary breakup due to the aerodynamic shear stress; 
once the primary breakup took place faster than the micro-explosion breakup, then micro-
explosion will only impact the secondary breakup as considered in the traditional understanding.  
The increase of the water content may also lead to longer micro-explosion delay and decrease the 
micro-explosion strength, which may explain the reason why such phenomena were not observed 
in W20 with injection pressure of 110 MPa compared to W10. 
5.3.5 Length scale comparison between liquid penetration and SLoL 
To compare the transient spray penetration and SLoL, two length scales for different fuels are 
plotted in Fig. 5.15 with error bars indicating the uncertainty in the measurement. Firstly, it can 
152 
 
 
be clearly seen that the ambient temperature has a dominant impact on both length scales. At a 
high ambient temperature of 1200K, the spray penetration for all the tested fuels featured a 
quasi-steady state (QSS) after 2 ms whereas the SLoL manifested a slightly decreasing trend 
before reaching the QSS. The two length scales are very close in value throughout the entire 
combustion process in particular for the emulsified diesel regardless of the water content. For 
ULSD, the SLoL was shorter than the spray penetration indicating that the spray breakup was 
actually taking place downstream of the lift-off region. The spray penetration difference among 
various fuels is almost negligible indicating that the impact of water addition is less relevant 
under high ambient temperature conditions.  
At the low ambient temperature of 800 K, there is no apparent QSS for either spray penetration 
or SLoL within the 3.5 ms injection duration. The penetration length reached a peak value at 
around 2ms and started to decrease over the course of injection. The initial peak value is higher 
for the emulsified fuels which can be explained by the high viscosity of the surfactant added to 
stabilize the emulsions. Although the soot luminosity is not the ideal indicator of ignition, the 
SLoL first appeared at around 3.1 ms for ULSD and 4 ms for both W10 and W20, suggesting a 
longer ignition delay with the water addition, mostly likely due to the large latent heat of water. 
It is important to note that the SLoL is reasonably longer than the liquid penetration at low 
ambient temperature, presumably with the fuel vapor filling the gap between the two length 
scales. This gap enables significant air entrainment into the fuel rich mixture before it proceeds 
into the primary reaction zone, which explains the much lowered soot luminosity at low ambient 
temperature. The decreasing trend of the SLoL at low ambient temperature is very similar to the 
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results in [108] which were obtained from the time-resolved OH* measurements in an optical 
engine.     
5.4 Conclusion 
The spray and combustion characteristics of water emulsified fuel with different blending ratios 
were experimentally investigated in a constant volume combustion chamber with different 
injection pressures and under various ambient temperatures. Following conclusions can be 
reached based on this study: 
• An HLB value of five is relatively the most suitable surfactant composition to the 
diesel/water interfacial condition. Volumetric density of the water phase bubble size 
calculated from micro images revealed that the destabilizing tendency increased with the 
increasing water content even though W20 still presented a single phase after 14-day 
standing.  
• The emulsified diesel manifested longer liquid penetration and longer ignition delay under 
low ambient temperatures due to the lower volatility and higher viscosity of the water. At 
high ambient temperature, the physical properties of the fuel are weakened; the spread spray 
cone angles indicate violent breakup events taking place upstream of the spray jet.  
• Applying the intentional over-exposure approach, the liquid phase of the spray could be 
illuminated by the soot incandescence in the broadband luminosity imaging. Glowing spots 
resulting from disruptive droplet combustion were consistently observed under certain 
conditions which are due to micro-explosion. It is demonstrated that micro-explosion could 
also affect the primary breakup instead of the secondary breakup under low injection 
pressure and high ambient temperature conditions.   
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• Low injection pressure and higher ambient temperature favor the occurrence of puffing and 
disruptive droplet combustion at the lift-off as a competition between the micro-explosion 
delay time and primary breakup time. Once the primary breakup timescale is shorter, the 
micro-explosion may only facilitate the secondary atomization and the glowing spots at the 
lift-off will no longer be observed. 
• The results suggest that the SLoL is almost equivalent to spray penetration for emulsified 
diesel and slightly shorter for ULSD at high ambient temperature; while at low ambient 
temperature, no QSS period is observed for either spray penetration or SLoL and the latter is 
reasonably longer than the former. The discrepancy between the two length scales indicates a 
gap between the liquid penetration and SLoL filled with fuel vapor enabling air entrainment 
prior to the primary reaction zone. Based on the time-resolved SLoL, there is no apparent 
relationship between lift-off length and ignition delay at low ambient temperature.   
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Table  5.1 Summary of previous works on micro-explosion in a spray 
Ref. Fuel Amb. Temp  Observations 
Wu [142] Diesel water methanol 
emulsions 
773K 
Raised part from the main jet 
body 
Watanabe 
[143] 
Dodecane and water 823K 
Direct visualization of droplet 
puffing in the secondary breakup 
Fuchihata 
[144-146] 
light oil-water emulsified fuel 
70% light oil, 28% water, 2% 
- 
Blurring image on a series of 
sequential images  
Raul[125] 
Macro-emulsion with 88% 
diesel, 10% water and 2%  
830 K Glowing spots in the flame 
Park[147] 
88% diesel, 10% water, 2% 
additive 
- 
Group of droplets inside 
luminous flames 
Lin[148] Micro-emulsion with 80% 
diesel, 10 % water, and 10% 
653K Enhanced spray angle 
Sheng[149] 
10%, 12% water diesel 
emulsion 
733K-823K 
Ejection of fragments of torn 
droplets expanding the spray head 
and cone angle 
Liu[124] Butanol-biodiesel, ethanol-
biodiesel blends 
800K-900K  Erupted spray jet and expanded 
spray tip 
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Table  5.2 Bubble size of the emulsified diesel 
Fuel W5 W10 W15 W20 
d10 (µm) 1.5±0.1 1.7±0.1 2.1±0.1 2.3±0.1 
d32 (µm) 2.6±0.5 5.9±1.2 10.2±2.1 29.8±4.8 
 
Table  5.3 Duration of the observed disruptive droplet combustion at ambient temperature of 
1200K  
 Injection Pressure 
 70 MPa 90 MPa 110 MPa 130 MPa 
D100 × × × × 
W10 1.66±0.6~3.33±1.3ms 1.86±0.6~2.26±0.6ms 1.86±0.4~2.00±0.4ms × 
W20 1.80±0.6~3.33±1.3ms 1.73±0.6~2.93±0.6ms × × 
× Not Observed  
 
 
Fig. 5.1 O/W/O bubbles of water-diesel emulsion with (a) 5%; (b) 10%; (c) 15%; and (d) 
20% water contents under 400× microscope 
  
Fig. 5.2 Probability density functions of various W/O droplet diameters (a) W5, (b) W10, 
(c) W15, (d) W20  
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Fig. 5.3 Volumetric density fractions of various W/O droplet diameters  (a) W5, (b) W10, 
(c) W15, (d) W20 
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a) 
 
b) 
Fig. 5.4 Individual shots of liquid penetration with injection pressure of 70 MPa at 
ambient temperature of a) 800 K and b) 1200 K  
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a) 
 
b) 
Fig. 5.5 (cont.) 
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c) 
 
d) 
Fig. 5.5 Liquid penetration under various ambient temperatures a) Pinj = 70 MPa, b) Pinj = 
90 MPa, c) Pinj = 110 MPa, d) Pinj = 130 MPa 
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a) 
 
b) 
Fig. 5.6 Heat release rate at different ambient temperature a) Pinj=90 MPa, b) Pinj=130 
Mpa 
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a) 
 
b) 
 
Fig. 5.7 (cont.) 
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c) 
 
d) 
Fig. 5.7 . SINL at various ambient temperatures a) Pinj = 70 MPa, b) Pinj = 90 MPa, c) Pinj 
= 110 MPa, d) Pinj = 130 MPa 
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a) 
 
b) 
Fig. 5.8 Transient soot lift-off length with different injection pressure a) Pinj = 90 MPa, b) 
Pinj =130 MPa 
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a) 
 
b) 
 
Fig. 5.9 (cont.) 
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c) 
 
d) 
Fig. 5.9 TINL at various ambient temperatures a) Pinj = 70 MPa, b) Pinj = 90 MPa, c) Pinj = 
110 MPa, d) Pinj = 130 MPa  
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Fig. 5.10 Broadband luminosity images a) 512×216 resolution, 15037 fps, camera aperture 
f/22, b) 640×480 resolution, 8082 fps, camera aperture f/32, the images are from two different 
spray events  
 
 
Fig. 5.11 (cont.) 
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Fig. 5.11 Three individual shots of natural flame evolution near lift-off region for W10 at 
ambient temperature of 1200K and Pinj= 70MPa 
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Fig. 5.12 Zoomed in near lift-off  
 
Fig. 5.13 Natural flame evolution at lift-off for ULSD at ambient temperature of 1200K and 
Pinj= 70MPa 
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Fig. 5.14 Individual shots of flame natural luminosity and the Mie scattering image at the 
corresponding time 
 
 
a) 
Fig. 5.15 (cont.) 
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b) 
 
c) 
Fig. 5.15 Liquid penetration and soot lift-off length at various ambient temperatures and 
injection pressure of 130 MPa for a) ULSD, b) W10, c) W20 
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Chapter 6 Low Temperature Spray Combustion of Acetone-Butanol-
Ethanol 
 
In Chapter 5, the spray and combustion of diesel fuel emulsions with water as the major additive 
has been discussed. Adding water has been demonstrated as an effective method to enhance 
air/fuel mixing and to reduce emissions. However, fuel stability remains the main impediment 
for its wide application. As mentioned, the macro-emulsions are only kinetically stable and thus 
will separate over time. Micro-emulsions, although thermodynamically stable, require much 
higher surfactant amount thus making them economically unreasonable to pursue as the input 
cost outweighs the benefit gained from using the emulsions. If the energy input required to fully 
blend the emulsions is further taken into account, the fuel emulsion certainly becomes a less 
attractive solution for the traditional diesel engine emissions.  
Meanwhile, bio-fuels have shown remarkable potential as alternative fuels by either used as 
additives blended with conventional diesel or used as a whole.  For example, butanol has 
received increasing attention in recent years after being identified as a feasible alternative for 
diesel fuel in CI engines. Butanol has several advantages over ethanol including a higher heating 
value and cetane number, lower vapor pressure and a much greater miscibility with diesel. 
Butanol is also hydrophobic eliminating corrosion issues and allowing its transportation through 
existing pipelines [152]. Moreover, alcohol-fueled diesel engines have, in general, demonstrated 
reductions in carbon monoxide (CO), total hydrocarbons (THCs) and particulate matter 
compared to conventional diesel engines mainly due to the extra oxygen content in the fuel, thus 
enhancing the oxidation of soot, CO and THC [153-155]. 
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Motivated in this regard, the acetone-butanol-ethanol (ABE), as an additive for the diesel, is 
investigated in this chapter using the same constant volume chamber as previous two chapters. 
The chapter starts with a discussion on the critical importance of this work, followed by literature 
review and results on the combustion results of the ABE diesel blends. The majority of the 
contents in this chapter have been published in “Low temperature spray combustion of acetone–
butanol–ethanol (ABE) and diesel blends”, Applied Energy, 117, 104-115, 2014 [156] 
6.1 Literature review 
Acetone-butanol-ethanol (ABE) fermentation primarily involves bacterial fermentation of 
biomass feedstock to produce acetone, n-butanol and ethanol at volume percentages of 
approximately 22-33%, 62-74%, and 1-6% respectively [156].  As one of the major methods to 
produce bio-butanol, as opposed to petroleum-based butanol, interest in ABE fermentation has 
been promoted by the depletion of fossil fuel resources and the consequent rise in oil prices.  
However, the high costs for ABE separation from dilute fermentation broth have so far 
prohibited the industrial-scale production of bio-butanol [158,159].To overcome this challenge, 
the conversation between the upstream oil producer and the downstream automobile engine 
manufacturer has never been more important. If the intermediate product of fermentation, the 
ABE mixture, could be used for clean combustion, the separation costs would be eliminated.  
This would save an enormous amount of time and money in the production chain of bio-butanol. 
The goal of this work is to investigate the combustion characteristics of ABE and hence affirm 
its potential to be used as an alternative for diesel fuel.  Numerous studies have investigated the 
combustion characteristics and engine performance of individual alcohols blended with diesel: 
butanol-diesel blends, ethanol-diesel blend, acetone-diesel blend.  However, similar studies on 
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ABE-diesel blends are scarcely found in the literature. Chang et al. [160] carried out a study on 
ABE-diesel and water-ABE emulsions-diesel blends. They reported a reduction of both 
particulate matter (PM) and total toxicity equivalency of polycyclic aromatic hydrocarbons by 
approximately 20%, yet more than a 30% increase of nitrogen oxides (NOx) using ABE20 (20% 
vol. ABE blended with diesel).  The undesired NOx increase could be further eliminated using 
ABE20W0.5, a solution containing 0.5% vol. water. The diesel engine in their study also 
demonstrated an increase of brake thermal efficiency of up to 8.56% using the ABE-diesel 
blends. This is a promising result as it confirms the feasibility of using ABE-diesel blends in 
diesel engines. However, we still lack the fundamental understanding of the combustion 
characteristics and emission reduction mechanisms involved in ABE combustion. Motivated in 
this regard, it was decided that combustion visualization using laser diagnostics would provide 
crucial fundamental information of the fuel’s combustion characteristics. To the author’s 
knowledge, such a study has not been performed yet. 
Meanwhile, advanced combustion modes such as low temperature combustion (LTC) have 
received much attention in recent years to reduce soot and nitrogen oxides emissions from diesel 
engines.  The LTC strategy was proposed for the sake of avoiding the high temperature region in 
the equivalence ratio and temperature (Φ-T) map [161]. The strategy is usually realized by 
applying large amounts of exhaust gas recirculation (EGR) coupled with different injection 
timings.  The essence of this combustion mode is that the ambient temperature upon injection is 
sufficiently low that not only are the NOx emissions reduced because of the lowered adiabatic 
flame temperature due to dilution, but soot formation is also restrained because the reaction from 
PAH to soot particle is suppressed in the low temperature regime [108]. The soot formation 
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under high EGR conditions was studied by Idicheria and Pickett [9]. They observed an initial 
increase and then a decrease in soot formation as oxygen concentration gradually decreased from 
21% to 8%. The trend is attributed to the competition between the soot formation rate and soot 
residence time as soot formation rates decrease with decreasing oxygen concentration because of 
the low combustion temperature, yet the residence time for soot formation increases at the same 
time allowing more time for soot accumulation. Pickett further investigated low flame 
temperature limits for mixing-controlled diesel combustion [10]. It was found that the 
combustion efficiency deteriorated significantly at low ambient temperature and heavy EGR 
conditions. For 8% O2, the low flame temperature limit for incomplete combustion is 
approximately 1700K. In another study, Liu et al. [122] studied soot emission characteristics of 
ethanol, n-butanol and biodiesel in both conventional diesel combustion conditions and LTC 
conditions and showed that alcohol based bio-fuels are more effective in soot reduction than 
biodiesel. Under low ambient temperature and heavy EGR conditions, n-butanol demonstrated 
completely non-soot combustion due to the high oxygen content.          
The literature review shows that there is a need for fundamental understanding on the feasibility 
of ABE, as a compound before any further recovery into individual fuels, to be blended with 
diesel and used in diesel engines. Previous studies also suggest the tremendous soot reduction 
capabilities of alcohol-fueled engines in particular under LTC conditions compared to diesel or 
biodiesel. The objective of this paper is to experimentally investigate combustion characteristics 
of ABE-diesel blends under both conventional diesel combustion and LTC conditions.  In this 
work, 20% vol. ABE solution blended with diesel was studied in the same chamber described in 
Chapter 4. The ABE solution contains no water and the volume percentage for acetone, butanol 
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and ethanol were kept at 30%, 60% and 10% respectively. The premixed-combustion-type 
chamber can provide high temperature/pressure environment upon fuel injection mimicking real 
diesel engine in-cylinder conditions towards TDC. By adjusting the partial pressure of the 
premixed burn mixture, the ambient oxygen concentrations were reduced from 21% 
(conventional diesel combustion) to 11% (LTC with heavy EGR condition). Under all 
conditions, time-resolved broadband luminosities of the combustion events were captured by a 
high speed camera and soot lift-off lengths were also acquired. Based on the results, the flame 
morphology of ABE-diesel blends were revealed and the optimized conditions for emission 
reduction are proposed.  
6.2 Results and Discussion 
6.2.1  Combustion Characteristics 
Fig. 6.1 presents the combustion pressure (averaged over at least 10 injections) and apparent heat 
release rate (AHRR) for ABE20 and D100 at different ambient temperature and oxygen 
concentrations. The initial pressure upon injection is subtracted from the transducer pressure 
reading and thus only the pressure rise due to heat release from spray combustion is captured. As 
observed from the combustion pressure plot, low ambient temperature of 800K led to 
significantly retarded ignition for both fuels. The ambient temperature impact on auto-ignition 
timing is less evident when it increases to 1000 K and higher. The observation of D100 in 
general agreed well with previous studies, [107] which were conducted in a similar constant 
volume chamber. The combustion phasing change is influenced by both ambient temperature and 
oxygen content in an interactive fashion. For D100, it is clearly seen that lower ambient 
temperature caused a sharp increase of AHRR indicating premixed-mode dominant combustion 
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regardless of the ambient oxygen. With the increase of the ambient temperature, the combustion 
phasing becomes more sensitive to the oxygen content for D100. At ambient temperature of 
1000K and 21% oxygen (Fig. 6.1a), an initial steep rise is still seen on the AHRR compared to 
the 1200K case though it only represents a small portion of premixed burning.  As ambient 
oxygen was reduced to 16% and further to 11%, little differences are observed between 1000 K 
and 1200 K for D100. Although both ambient temperature and oxygen played a role in the 
chemical reaction rate, the results suggest the ambient oxygen has an overwhelming impact in 
the high-temperature, heavy-EGR combustion mode. It is also seen that in the later stage of the 
combustion with low ambient oxygen, all AHRR curves decay slowly after the first peak 
indicating mixing-controlled combustion followed by a long burn out phase which confirmed the 
impact of ambient oxygen on the chemical reaction rate. 
For ABE20, however, the temperature impact on the combustion phasing is not negligible even 
at low ambient oxygen concentration. At 21%, ABE20 presented similar characteristics as D100 
with more premixed combustion at low ambient temperature of 800K. At 16% and 11%, ABE20 
presented more premixed combustion at ambient temperature of 1000K with a sharp increase of 
AHRR. It is interesting to see that at low ambient oxygen of 11%, ABE20 does not presented 
premixed combustion characteristics with low ambient temperature of 800K. Due to the 
extremely low ambient oxygen conditions for this oxygenated fuel, it might result in incomplete 
combustion. Further investigation on the combustion efficiency was carried out. 
As pointed out by Pickett [107], the total pressure rise is directly proportional to combustion 
efficiency in constant volume combustion. The derivation of the normalized maximum pressure 
rise rate (NMPRR) will follow the similar procedure as in Ref [107]. The maximum pressure rise 
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at each condition was first divided by the mass as well as the energy density of fuel injected at 
that condition and then normalized by the maximum pressure rise per mass of D100 fuel injected 
at 21% oxygen and 800 K. It should be noted that although the pressure measurement was 
corrected for the rate of heat transfer in the chamber prior to the start of injection, no correction 
was made for the changes in heat transfer that occur due to the influence of the reacting fuel jet. 
The natural luminosity images show that heat transfer to the wall was likely induced by the flame 
impingement on the wall. Higher ambient temperature caused more diffusion flame wall 
impingement as well as more radiation heat loss due to the strong soot incandescence. In this 
regard, the combustion efficiency predicted using the aforementioned method for higher ambient 
temperature cases represent a low limit of NMPRR. 
Fig. 6.2 illustrates combustion efficiency for both D100 and ABE20 at different conditions. The 
figure shows that ambient temperature of 800 K is a threshold for reasonable combustion 
efficiency especially under low oxygen conditions as the NMPRR drops significantly once the 
temperature is below 800 K. It is also found the NMPRR reaches the peak value for all cases at 
800 K representing the optimal ambient temperature in terms of combustion efficiency, which 
can be explained by a number of reasons. First of all, higher ambient temperature generally 
causes more heat loss during combustion due to strong wall flame interaction as well as soot 
radiation. As ambient temperature decreases, premixed dominant combustion reduces the 
combustion duration and correspondingly the available time for heat loss. On the other hand, if 
the ambient temperature drops below 800 K, the chemical reaction rate is significantly slowed 
down which may led to incomplete combustion. It is of particular interest to see that for ABE20, 
low oxygen conditions present higher NMPRR indicating a dilute mixture may even promote the 
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combustion efficiency for this fuel. The possible explanation is that ABE20 not only retains all 
the benefit of diluted combustion with much lowered adiabatic flame temperature and 
consequently reduced heat loss, but the oxygenated fuel also made up for the deprived oxygen in 
the air entrainment such that the chemical reaction rate can still be maintained. Once the ambient 
temperature is below 800 K, the NMPRR drops drastically indicating that the combustion 
efficiency deteriorated since the chemical reaction rate slowed down or even froze due to the low 
ambient temperature. It should also be mentioned that ABE20 is a multi-component fuel with 
each component possessing a vastly different volatility. The boiling temperature of diesel is 
around 300 oC while for acetone and ethanol it is only 56.1 oC and 78.4 oC respectively. Such 
difference among each component can cause a unique fuel atomization process known as micro-
explosion, which has been intensively discussed in Chapter 5. In another study, Huo et al. [167] 
pointed out that micro-explosion may actually occur before the primary breakup of the dense fuel 
jet depending on the competition between the primary breakup time scale and micro-explosion 
residence time scale. Given sufficient time (low injection pressure conditions in Ref [167]), 
micro-explosion may potentially occur in the lift-off length region even before the jet reaches the 
reaction zone. Such spray characteristics could significantly enhance air-fuel mixing and 
consequently improve the combustion efficiency. In the current study, the AHRR plot has 
indicated that the ignition delay for ABE20 at low ambient oxygen conditions is remarkably long 
which substantially favors the occurrence of micro-explosion and better combustion efficiency.  
Fig. 6.3 illustrates the ignition delay of the two tested fuels under various conditions. In general, 
the ignition delay reduced with the increase of ambient temperature and decrease of ambient 
oxygen, which is consistent with previous studies [102]. Regarding the fuel impact, the cetane 
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number of acetone was not found in the literature while the cetane number for ethanol and 
butanol are much lower than diesel. With only 20% volume percentage of ABE, the cetane 
number for ABE20 is estimated to be lower than diesel. It is found the ignition delay timing 
difference between the two fuels is almost negligible if the ambient temperature is equivalent to 
or higher than 1000 K. As the ambient temperature decreased, ABE20 showed retarded ignition 
timing compared with D100 under the same ambient oxygen conditions. It is also noted that with 
decrease of the ambient oxygen, the ignition delay barely changed at ambient temperature of 700 
K for ABE20. The possible explanation is at such low ambient temperature, the impact of 
chemical aspect was weakened while the physical aspect such as higher volatility and lower 
viscosity of ABE20 played a more important role on the auto-ignition, resulting in similar 
ignition characteristics between different ambient oxygen conditions at low ambient temperature. 
6.2.2  Flame structure 
Fig. 6.4 illustrates the natural flame evolution at 21% oxygen for ABE20 and D100 at different 
ambient temperatures after start of injection (ASOI). All the columns shown hereby are 
sequences from one individual injection. In each image, three spray jet flames are presented with 
the injector tip located at the centre of the left edge of the frame while the arc at the other edge of 
the frame indicates the location of the chamber wall. The pseudo-color on the image is created 
by the “hot” color map in Matlab in image post-processing, with red and black representing the 
flame and background respectively. It should be noted that the actual pixel values only represent 
the broadband luminosity intensity and no spectral information is provided. The natural 
luminosity was contributed by two parts; chemiluminescence and soot incandescence. The latter 
is much stronger than the former one, thus it is reasonable to argue that the soot luminosity can 
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be well represented by the broadband luminosity. Furthermore, the soot luminosity is related to 
two parameters: soot concentration and soot temperature, thus the natural luminosity signal can 
be regarded as a compound impact from the soot concentration and soot temperature. 
At 1200 K, the soot luminosity was first detected at around 1.38 ms. The spray jet turned into a 
strong diffusion flame immediately after the start of ignition. The strong soot incandescence even 
illuminated the soot lift-off length region as the liquid jet upstream of the burning spray can be 
clearly visualized at 2.49 ms. The central downstream of the lift-off, featured by some dark spots 
compared to the bright downstream area, is where fuel rich mixture reacted and soot precursors 
started to form according to Dec’s conceptual model [169]. The premixed combustion generated 
a significant heat release and hot product gases which further propagate downstream to the wall 
where strong soot formation was expected.  The image saturation was not completely avoided at 
the near-wall region because the same camera aperture was maintained for all cases for the 
purpose of a fair comparison. As the flame impinges onto the wall, it dispersed along the 
periphery and such flame structure was preserved for a few milliseconds before it completely 
burned out. During the quasi-steady state, it is noticed that the flame stretched back towards the 
injector tip and soot lift-off length drastically reduced indicating less air entrainment during this 
period. This explains the reason why strong natural luminosity is observed even at the region 
close to the injector tip.  As the ambient temperature decreased to 1000 K, longer initial soot lift-
off length is observed indicating more entrained air for the premixed combustion. The natural 
luminosity intensity also decreased suggesting cool flames upstream, although the general flame 
structure was still similar to that of 1200 K. As ambient temperature further decreased to 800 K, 
the natural luminosity was significantly reduced for both fuels compared to higher ambient 
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temperature cases suggesting much lower soot formation. The difference between ABE20 and 
D100 regarding the flame structure is also more evident. The first appearance of natural 
luminosity for ABE20 is actually detected at the near-wall region with smaller flame thickness. 
The major reason for this observation is that longer ignition delay at low ambient temperature 
provided more time for air/fuel mixing and shifted the combustion phase to premixed-dominant 
combustion, resulting in a much weakened diffusion flame. The latent heat of ABE20 is also 
higher than D100 providing an extra cooling effect in the combustion leading to a cooler flame 
for ABE20.  
The natural flame evolutions at 16% and 11% oxygen are shown in Fig. 6.5 and Fig. 6.6 
respectively. The luminosity intensity trend with ambient temperature is similar among different 
ambient oxygen cases as lower ambient temperature led to remarkably lower soot temperature 
and concentration. ABE20 has lower soot luminosity compared to D100 under all circumstances 
due to higher oxygen content, higher evaporative cooling and better atomization characteristics 
as discussed above. It is of particular interest to see that at low ambient temperature and low 
oxygen conditions, often referred as LTC mode, ABE20 achieves completely flameless 
combustion as no soot luminosity is detected, indicating the soot temperature and concentration 
was extremely low and the soot formation had been substantially inhibited under these 
conditions. Meanwhile, with no flame front the NOx emission is also expected to be close to 
zero. The flameless combustion will also lead to more homogeneous temperature distribution 
inside the chamber and lower heat loss due to both soot radiation and jet-induced wall heat 
transfer. These aspects all support the finding from Fig. 6.2 that ABE20 achieved the optimal 
combustion efficiency at LTC mode. 
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6.2.3 Soot lift-off length and natural luminosity intensity  
Using the method illustrated in Sec 4.3.3, the soot lift-off lengths (SLOL) for both ABE20 and 
D100 at various conditions were shown in Fig. 6.7 with error bars illustrating the measurement 
uncertainty. It is evident that SLOL decreased during the combustion for all the test cases 
although the rates of said decrease are different. At low ambient temperature and 21% ambient 
oxygen, ABE20 featured a long initial SLOL of around 36 mm compared to other cases under 
the same ambient oxygen condition, but it dropped fast to only 8 mm within 2 ms. This is 
consistent with the observation from the natural luminosity images as the flame first appeared 
close to the wall and then quickly propagated back upstream. The SLOL of D100 at 1200 K is 
the only curve which saw an apparent plateau within the combustion duration which implies a 
stabilized flame structure. Thus it can be argued that SLOL changes with the flame development 
and a single value may not fully describe the dynamic behavior of the lift-off length. This 
argument can be also partially supported by the correlation between ignition delay and flame lift-
off length. According to Pickett [107], shorter ignition delay generates shorter lift-off length in 
general.  By comparing the two cases of ABE20 at 1000K and D100 at 800 K, one may notice 
that although the ignition delay is shorter for the former case, it presented a much longer initial 
SLOL following the start of combustion. By the time of 3 ms ASOI, the SLOL for D100 at 800 
K first appeared and the SLOL of the two cases intersect thereafter and as a consequence it 
would be difficult to distinguish which case features a longer lift-off length.  
As ambient oxygen decreased to 16%, the initial SLOLs were generally higher but decayed to 
similar values as that of 21% ambient oxygen except the SLOL of ABE20 at 800 K is 
characterized by a late appearance and a short period. With ambient oxygen further decreased to 
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11%, the initial SLOLs at high ambient temperature for both ABE20 and D100 are apparently 
longer and the diffusion flame rapidly propagated upstream represented by the steeper falling 
slope of the SLOL. At low ambient temperature of 800 K, even D100 presented significantly 
longer SLOL with much retarded auto-ignition. ABE20 barely showed any luminosity under this 
condition and thus no SLOL is shown.  
The space integrated natural luminosity (SINL) was calculated by integrating the pixel values 
over the entire image and averaged over five different runs at the same experimental conditions. 
Fig. 6.8 shows the SINL at various ambient temperature and oxygen for the two fuels. At low 
ambient temperature of 800 K, the SINL curve features only one narrow peak whereas a plateau 
can be observed for most of the cases at higher ambient temperature of 1200 K. This implies 
that, under the same aperture of lens, the low temperature combustion should have less 
luminosity due to lower combustion temperature and the initial SINL rise was immediately 
followed by the burnout phase.  At low ambient temperature, the natural luminosity magnitudes 
of ABE20 were significantly reduced compared to D100 regardless of the ambient oxygen as 
shown in Fig 10a. In particular, the SINL is close to zero suggesting barely any luminosity signal 
is detected which is consistent with the images. At high ambient temperature, decrease of the 
ambient oxygen did not linearly bring down the natural luminosity indicating higher soot 
temperature and concentration could potentially have resulted under high temperature EGR 
conditions. ABE20 still presented lower natural luminosity under each corresponding condition 
relative to D100 yet the combustion was subjected to longer duration especially at 11% ambient 
oxygen.  
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To better quantify the natural luminosity characteristics of the entire combustion duration, time 
integrated natural luminosity (TINL) is calculated by further integrating the SINL with time. 
TINL is an indication of the soot temperature and concentration over the entire combustion 
cycle. Fig. 6.9 illustrates the TINL for ABE20 and D100 at various conditions. Apart from the 
trend noticed from the SINL curve, the impact of EGR temperature will be further addressed. It 
can be seen that at a temperature of 1200 K, the decrease of ambient oxygen actually increased 
the TINL for both fuels indicating that a higher soot emission would result by just implementing 
EGR at conventional diesel combustion. High temperature favored the soot formation while the 
dilute mixture suppressed the soot oxidation which caused this undesirable trend. At 1200K, the 
TINL of ABE20 at 11% ambient oxygen is still higher than that of D100 at 21% indicating that 
the extra content in the fuel might not make up for the soot oxidation process. Further study 
should be carried to verify that without measure the emissions. At ambient temperature of 1000 
K, 21% and 16% ambient oxygen displayed little difference for either fuels while a noticeable 
drop of TINL can be seen with ambient oxygen further decreased to 11%, with ABE20 cutting 
almost half of the TINL compared to D100. At low ambient temperature of 800 K, remarkable 
decrease of TINL came along with the decrease of the oxygen because the reaction from PAH to 
soot particle is suppressed in the low temperature regime leading to very low soot temperature 
and concentration. Under this condition, ABE20 presented completely soot-free combustion with 
optimized combustion efficiency suggesting ABE20 coupled with LTC will provide a superior 
combustion performance. 
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6.3 Conclusion 
The combustion characteristics of ABE-diesel blends were studied in a constant volume chamber 
under both conventional diesel combustion and LTC conditions. The study is aimed at 
investigating the feasibility of ABE to be blended directly with diesel for ICE applications 
without any further individual component recovery. It is found that at low ambient temperature 
of 800 K and low ambient oxygen of 11%, ABE20 presented extremely low soot luminosity with 
better combustion efficiency compared to D100 based on the NMPRR suggesting that ABE 
solutions, an intermediate product during ABE fermentation, is a very promising alternative fuel 
to be directly used in diesel engines especially under LTC conditions. The advantageous 
combustion characteristics of ABE-diesel blends can be summarized as follows:  
• The ABE-diesel blend has higher oxygen content which enhances soot oxidation resulting in 
lower soot luminosity under all circumstances compared to pure diesel. At low ambient 
oxygen conditions, the oxygen content in the fuel is found to effectively make up for the 
deprived oxygen in the dilute mixture and maintain a reasonable chemical reaction rate. 
• The ABE-diesel blends have longer ignition delay and soot lift-off length allowing more air 
entrainment upstream of the spray and better air fuel mixing. At low ambient temperature 
and oxygen condition, ABE20 produced flameless combustion leading to extremely low soot 
luminosity and much lowered radiation heat loss as well as jet-induced wall heat loss. 800 K 
is found to be an optimum ambient temperature condition as combustion efficiency would 
remarkably deteriorate if temperature dropped lower. 
• The latent heat of ABE-diesel blends is higher than diesel thus a stronger evaporative cooling 
effect is expected. This feature helps lower the adiabatic flame temperature and NOx 
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emissions. Under LTC conditions the evaporative cooling will further help suppress the soot 
formation under the low-temperature combustion regime.   
• Since ABE-diesel blends contain multiple components possessing drastically different 
volatilities, micro-explosion is speculated to take place and generate finer droplets which will 
greatly enhance the air-fuel mixing. The long ignition delay at low ambient temperature and 
oxygen may further promote the micro-explosion even before the primary breakup, which 
partially explains the superior combustion performance of ABE20 at this condition. 
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Fig. 6.1 Apparent Heat Release Rate of ABE20 at different ambient temperature and 
different ambient oxygen concentration a) D100, 21% O2,  b) D100, 16% O2,  c) D100, 11% O2 , 
d) ABE20, 21% O2,  e) ABE20, 16% O2,  f) ABE20, 11% O2 
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Fig. 6.2 Normalized maximum pressure rise versus ambient temperature with different 
ambient oxygen  
 
Fig. 6.3 Ignition delay at different ambient temperature and different ambient oxygen  
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Fig. 6.4 Evolution of natural luminosity from an individual injection event at 21% ambient 
oxygen 
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Fig. 6.5 Evolution of natural luminosity from an individual injection event at 16% ambient 
oxygen
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Fig. 6.6 Evolution of natural luminosity from an individual injection event at 11% ambient 
oxygen 
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                                                             Fig. 6.7 (cont.) 
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Fig. 6.7 Soot lift-off length a) 21% O2,  b) 16% O2,  c) 11%  
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Fig. 6.8 Space integrated natural luminosity at a) 800K, b) 1200K
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                                                  Fig. 6.9 (cont.) 
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Fig. 6.9 Time integrated natural luminosity for ABE20 and D100 at ambient oxygen a) 
21% O2, b) 16% O2, c) 11% O2    
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Chapter 7 Air Fuel Mixing Enhancement Through a Micro-Variable 
Circular Orifice (MVCO) Fuel Injector 
 
The impact of fuel additives on air/fuel mixing for diesel combustion has been discussed in the 
previous chapters and it is shown that using the inherent property of the fuel is a very effective 
approach to enhance the mixing. Even though, the hardware of the injection system, in particular 
the injector design, is still a major player in the entire air/fuel mixing game. The injector used in 
the previous chapters is a hydraulic-actuated electronic-controlled unit injector (HEUI). 
Although the HEUI has the superiority of simple design and low cost, the most significant 
disadvantage of using such injection system, however, is the unstable injection pressure control. 
For this reason, most of the injectors currently used in the market are common-rail injectors, 
which provided much higher injection pressure range and much less pressure fluctuations. In this 
chapter, we considered a common-rail type injector with unique spray pattern, namely micro-
variable circular orifice (MVCO) injector. The spray and atomization characteristics of this 
injector were investigated using both high speed imaging and phase Doppler anemometry 
measurement and the impact on air/fuel mixing were further discussed. The content of the paper 
has been partially published on “Spray and Atomization Characteristics of a Micro-Variable 
Circular-Orifice Injector” 24th ILASS America, 2012 [168] 
7.1 Literature Review 
The optimization of the design of the modern diesel injector, varying parameters such as the 
orifice configuration, spray cone angle etc. has always been pursued in both industry and 
academy [170-174]. Meanwhile, high speed imaging has been widely used a tool for the diesel 
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injector design and validation. The development of the camera hardware in the past decade, i.e. 
temporal resolution in the order of 10,000 fps and spatial resolution typically above 1024×1024, 
provided the ability to capture the sequence of spray evolution of an individual injection event. 
Numerous studies have reported macro properties of the spray such as the spray tip penetration, 
cone angle and micro characteristics such as droplet size/velocities of a certain type of injector 
using various laser diagnostic techniques. Kostas et al [175] investigated the diesel fuel spray 
injected from a common rail injector with different injection and ambient pressure for duration of 
0.5 ms from the start of injection using high speed digital imaging. They reported a spray 
penetration of 30-35 mm with a spray velocity of about 200 m/s at an ambient pressure of 1 atm. 
Moon et al. [176] investigated gas entrainment characteristics of diesel fuel injected by a group 
of closely-spaced two-orifices (group-hole nozzle) using LIF-PIV technique. They showed that 
the group-hole nozzle displayed a spray penetration of about 53 mm at 1 ms after start of 
injection. The group-hole nozzle had higher spray penetration and spray velocities compared to 
the conventional single-hole nozzle spray, along with a higher fuel evaporation ratio as well. 
Park et al. [177] compared spray characteristics of diesel fuel and DME at high fuel temperatures 
and under various ambient conditions, from a diesel injector with six holes, using a high-speed 
camera. They illustrated that diesel fuel has a long narrow spray shape while DME has a short 
wide spray shape. They reported spray penetration of about 70 mm and a tip velocity of about 
120 m/s at an ambient pressure of 0.1 MPa and ambient temperature of 293 K for the diesel fuel. 
Mitroglou et al. [178] investigated sprays from high-pressure multi-hole nozzle injected into a 
constant volume chamber. They reported a maximum penetration length of about 50 mm at 200 
bar injection pressure and 1 bar back pressure; the tip velocity reaches 120 m/s in the axial 
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direction and the droplet size falls in the range of 10 to 20 µm. In another study, Douwel et al. 
[179] studied macroscopic diesel spray shadowgraphy using high speed digital imaging in a high 
pressure cell. Diesel fuel sprays produced by a modern, heavy duty common rail injector were 
studied in a newly developed high pressure, high temperature cell, using digital high speed 
shadowgraphy at 4500 frames per second. They developed a general and consistent method to 
determine the macroscopic spray geometry characteristics such as the spray cone angle and 
penetration length using lateral cross-section of the spray shadow as a function of time. Using 
this method, the maximum jet penetration observed was about 90 mm at a common rail pressure 
of 150 MPa. Based on the results, they further suggested that the spray propagation is governed 
by competition of fuel injection delivering momentum to the spray To summarize, the velocity of 
fuel jet produced by a modern common rail injector can reach values well above 100 m/s with tip 
penetration typically longer than 30 mm, meanwhile, multi-hole nozzle injector usually present 
more desirable features such as smaller droplet size compared to single-hole injectors.  
On the other hand, new combustion concepts such as PCCI and LTC have been raised and 
widely studied due to the increasing stringent government regulations for emissions. While 
PCCI/LTC combustion reduces engine-out NOx and soot simultaneously, the conventional 
multi-hole injector limits operation ranges of PCCI due to the fixed injection spray angle which 
may cause wall wetting for early injections. Currently PCCI can only operate in low to medium 
loads; conventional fixed-spray-angle nozzles have to be compromised for low load PCCI and 
high load conventional combustion. A larger spray angle for high loads will bring severe wall 
wetting and oil dilution for early and late injections. A fixed narrow spray angle optimized for 
low load PCCI usually generates more soot for high load combustion. Fixed spray angle is hard 
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to be made adaptive for the moving combustion chamber geometry at different injection timings. 
Therefore, with conventional multi-hole nozzles, it is hard to make the spray penetration 
adaptive for low & high load given different back pressures. MVCO fuel injector is capable of 
generating a mist-like spray mixture rather than conventional fuel jets, thus reducing combustion 
chamber wall-wetting, and enabling earlier injection for low temperature combustion or 
premixed/HCCI combustion. The successful development of MVCO technology will provide 
much needed flexibility for mixed-mode combustion [174].  
7.2 Experimental Setup  
7.2.1 Fuel injection system  
The experiment was carried out on an optical engine facility, where only the fuel injection 
system is used as shown schematically in Fig. 7.1. The injector was supplied with diesel fuel at 
high pressure from a common rail connected to a Bosch high pressure automotive diesel pump. 
The pressure inside the rail is controlled by a 3-phase electric motor controlled via a variable 
frequency inverter. A low pressure diesel fuel pump supplied fuel from the fuel tank to the high 
pressure pump. A bypass from the high pressure pump, together with the bleeding line from the 
injector, are arranged to return the excessive fuel back to the fuel tank via a heat exchanger. 
Cooling water flow through the heat exchanger maintained the fuel in the tank at a constant 
temperature of 40 °C. Further downstream, the fuel is injected into atmosphere and collected 
effectively through a locally built exhaust collection system.  
As for the injection pressure control, the high pressure pump came with a pressure regulator 
which is controlled by a locally developed program. The control is made possible through a 
custom-designed circuit which supplies the necessary voltage to the pressure regulator in order to 
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vary the fuel pressure. Once the fuel entered the common rail, an Omega pressure transducer is 
used to monitor the fuel pressure inside rail. The injection system is controlled by a locally-made 
injector driver, which provides the required current to lift the needle inside the injector at a given 
timing. The returned fuel from both the injector and the high pressure pump were cooled through 
an air-cooled heat exchanger before being recollected in the fuel tank. This ensured that the 
entire fuel injection system would never be overheated.  
7.2.2 Measurement methodology 
High speed images for both the front and bottom views of the spray are obtained with a non-
intensified high speed digital camera (Phantom V7.1). The light source is supplied by a copper 
vapor laser (Oxford Lasers LS20-50) which can be externally controlled to run up to a maximum 
frequency of 50 kHz with pulse duration of 25 ns. The imaging and laser systems are the same as 
those used in chapter 4 to 6. The high-speed camera and the copper-vapor laser were 
synchronized at two different speeds. For the front view measurement, the camera and the laser 
were synchronized to 15,037 frames per second to produce time resolved measurement at a 
spatial resolution of 512×256 pixels. For the bottom view measurement, we increased the spatial 
resolution to 512×512 pixels to cover a larger field of view and consequently the camera speed 
was reduced to 8,200 fps. For both measurements, a Nikkor 105 mm focal length lens was used 
for the high-speed imaging and an exposure time of 3 µs was used. The short camera exposure 
and laser pulse duration assured suitable capture of the image during the image acquisition. As 
pointed in the previous study [6], synchronization of the camera, laser and fuel injection was of 
critical importance, as a time deviation of as little as 100µs could result in a complete mismatch 
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of the start of injection (SOI); two signal generators in conjunction with a custom made delay 
generator were employed to coordinate the signals so that the SOI was captured accurately.  
The spray penetration Lliq as a function of time is obtained directly from the acquired time 
resolved spray images. Calibration of the tip penetration measurement was first performed by 
analyzing digitally generated images of a target whose precise displacement was known. Unlike 
previous studies of single-hole injectors, where the spray penetration is usually determined from 
the displacement of the spray edge from the injector orifice along the nozzle axis, the penetration 
determination of the current study is more complicated due to the unique spray pattern generated 
by the MVCO. The technique for the penetration determination will be illustrated in detail as 
follows. As can be seen from the bottom view spray images, the spray contains more than twenty 
single jets and they are distributed almost evenly around the tip, which implies an axisymmetric 
cone-shape spray. With such a spray pattern, one way to determine the penetration geometrically 
is to measure the displacement from the orifice (in the center) to the edge of each individual jet 
from the bottom view. The averaged displacement should be further divided by cos(θ/2), where θ 
is the cone angle measured from the front view (see Fig. 7.2). It should be noted that θ here is the 
maximum angle projected on a view plane among two individual jets rather than the cone angle 
of an individual jet. The most challenging part of this method is to design an algorithm to 
identify the individual fuel jet from the bottom view images; even assuming a correct value is 
obtained, the final determination of the penetration will still be affected by the error in the θ 
measurement.  
Another way to acquire the penetration length, which was applied in this study, is directly from 
the front view measurement, based on the displacement between the orifice and the furthest tip 
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point, or geometrically the hypotenuse of the triangle as illustrated in Fig. 7.2. It should be 
mentioned first that the acquired spray image is the line of sight accumulation of the signals 
scattered by the liquid spray jet, yet the image lets us consider an imaginary "view plane" on 
which all the collected signals are imposed. Then the "hypotenuse" in the front view image 
should be interpreted as the projection of the actual penetration length on the view plane. A 
major assumption of this method is that there exists one individual fuel jet whose axis is exactly 
located on the front view "hypotenuse" which is hard to validate, as the rotational orientation of 
the injector is completely random; however considering that the number of jets generated are 
well above twenty, depending on the injection pressure, the angle φ between the left-most fuel jet 
axis in the front view image and the view plane is really within 10 degrees, leading to a 
difference between the projected penetration length and actual length to be within 3 % as 
illustrated in Fig. 7.3. Therefore, it is reasonable to determine the spray penetration using this 
method. Averaging the penetration length from both the left and right sides should further reduce 
error. Detection of the "hypotenuse" of the spray is, similar to a number of previous studies, 
based upon an intensity threshold criterion to be met to distinguish the spray edge from the 
background.  
A 2D Dantec PDA system with a BSA P60 processor coupled with a 58N70 detector unit was 
used for the measurement of the droplet velocities and diameters. The transmitting and receiving 
optics were installed on a three dimensional traverse so that the measuring position can be 
precisely controlled. An argon-ion laser with a maximum power of 5 W was used and the output 
was aligned with the fiber optic unit. This unit was responsible for splitting the laser beam into 
two pairs of different wavelengths; each pair delivering two beams with equal intensity after 
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proper alignment with the manipulators. The first pair consisted of green beams with a 
wavelength of 514.5 nm, responsible for the axial velocity component, while the second pair 
consisted of blue beams with a wavelength of 488 nm, responsible for the radial velocity 
component. A Bragg cell unit is positioned inside this fiber optical unit to provide a 40 MHz 
frequency shift between two the beams within each pair. Light scattered by the droplets was 
collected by a 310 mm focal length lens positioned at 30 degrees to the plane of the two incident 
green beams to ensure that refraction dominated the scattered light as can be seen in Fig. 7.4.  
The signal from the photomultipliers was transmitted to the processor unit where all the data 
processing was carried out. The processor was connected to a desktop computer via an ethernet 
adapter where all the acquired data was saved for further analysis. The measurements, similar to 
the high speed images, were synchronized with the injection signal, and a time window of 10 ms 
after SOI was sued as the limit for each injection event. The impact of the signal to noise ratio 
(SNR), signal gain, record length, applied photomultiplier voltage has been discussed in [180]; a 
proper configuration of these parameters was chosen according to different testing cases to 
ensure a reasonably good data rate (above 200 samples/second) and validation rate (above 80%). 
Difficulties in measurements were encountered for high pressure injection, especially in the 
central part of the spray jet and near the nozzle exit region owing to the strong attenuation of the 
incident laser beams and the scattered light.  
7.3  Results and Discussion  
7.3.1  Spray Visualization  
The spray evolution of an individual injection event from the front view and bottom view after 
start of injection (ASOI) is shown in Fig. 7.5 and Fig. 7.6 respectively. Each figure contains 
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three rows representing three different injection pressures, namely 300 bar, 500 bar and 700 bar 
from left to right respectively while the injection duration was set at 0.5 ms. The images 
displayed are chosen in particular to show the beginning stages of the injection event. The unique 
spray pattern characterized by MVCO (compared to the conventional injector) can be observed. 
The most apparent difference is the multiple fine jet plumes produced by the MVCO injector, 
which manifests an “umbrella” shape, while for the conventional multi-jet injectors, the 
individual jet plumes usually can be clearly observed. Considering the same amount of fuel 
injected, the conical spray coming from a single annular micro ring from MVCO was more 
uniformly distributed on the periphery or circular direction compared to the other conventional 
multi-hole fuel injector, which is desirable for early injections in premixed combustion. On the 
other hand, it is true that the conventional multi-hole injection may also achieve reasonably 
uniform circumferential distribution with the proper design of the intake port to generate intake 
swirl, i.e. the air motion sweeps the spray such that the fuel droplets from one jet comes into 
contact with the neighboring one. Such swirl flow can only further improve the mixing process 
for the MVCO as the turbulent kinetic energy delivered by the intake flow will induce the more 
violent breakup leading to finer droplets.  
30 fuel jets on the periphery are observed from the images, which is a substantially higher 
number of jets compared to 6 jets from the conventional injector. Therefore the MVCO injector 
provides a much greater volumetric coverage for the same amount of fuel 5 injected, which in 
turn will provide a more homogeneous mixture, compared to the conventional diesel injector. 
The front view images of the spray observed at 500 and 700 bar show a slightly "bumped" spray 
in the radial direction about halfway between the injector tip and the end of the spray jet, which 
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is likely caused by the vigorous interaction between the fuel jets at higher injection pressure, 
leading to a slight accumulation of fuel inside the main jet body. The same phenomenon is not 
observed at 300 bar due to lesser number of fuel jets as well as less violent aerodynamically 
induced breakup. Such differences among various injection pressures provided the flexibility to 
optimize the injection according to the engine load. Note that the injection duration was kept 
constant, thus the injection pressure can be viewed as a reasonable representative of the engine 
load. At low load condition, the spray is characterized by a relatively narrow spray angle and 
shorter penetration so as to prevent wall wetting while at high load, the spray was widened to suit 
for higher power output. The bottom view (Fig. 7.6) also shows the hollow cone feature of the 
spray, which is of crucial importance for air entrainment. As the closely spaced fuel jets interact 
with each other as the spray develops, there remains a major concern that insufficient air 
entrainment would be caused. The hollow cone shape provides a path from inside for air/fuel 
contact which should ameliorate the issue, yet such speculation should be further confirmed in 
future combustion studies.  
Fig. 7.7 quantifies the spray penetration Lliq using the method aforementioned. It is seen that it 
increases along with time and reaches a quasi-steady state after about 1 ms. The quasi-steady 
state penetration length observed is about 20 mm, 24 mm and 26 mm for the three injection 
pressure cases respectively. It can be observed that the spray penetration value of the MVCO 
injector for a given injection pressure is lower compared to some previously studied 
conventional diesel injectors, due to the simple fact that the total injected volume was divided 
into more jets, resulting in a lower penetration for each individual jet, which will be beneficial in 
avoiding wall wetting especially under low load conditions. The quantified spray cone angle for 
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different injection pressures is also summarized in Table 7.1. Spray cone angle increases with 
increasing injection pressure which is in agreement with the observation from the spray images 
as discussed above.  
7.3.2 Droplet Size and Spray Velocity  
The Sauter Mean Diameter (SMD) along both the axial and radial directions is illustrated in Fig. 
7.8. The challenging aspect of the PDA measurement is the fact that the jet plume is hard to 
detect with the naked eye, and therefore it was difficult to determine the measurement location. 
To overcome this difficulty, the measuring position around the jet plumes was moved with a 
space resolution of 1mm until the highest velocity was detected, after which several close 
positions were picked up for comparison. In both directions, the variation of the droplet size is 
minimal indicating a uniform drops size distribution. No apparent trend of the droplet size 
against injection pressure is observed which is desirable for engine optimization according to 
engine load. The droplet size probability density function at two different measuring position are 
shown in Fig. 7.9 where the normalized counts of all samples are plotted against their size in a 
0.5 µm bin. It is seen that distributions peaks lie at about 5-10 µm mainly due to the more violent 
breakup induced by the unique spray pattern of the MVCO. The narrow bandwidth of the 
distribution also indicated more uniform and finer droplet size distributions than conventional 
multi-hole injectors under similar injection pressures and back pressures.  
Fig. 7.10 illustrates the droplet velocity in both axial and radial directions at a certain position. 
At 500 bar, the highest radial and axial velocity detected is about 80 m/s and 56 m/s respectively. 
As injection pressure goes up to 700 bar, the variation in axial velocity is negligible while the 
highest axial velocity increased up to 62 m/s. Again, as discussed in the previous section, the 
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total samples collected in this case are limited due to the laser attenuation caused by the density 
spray cloud. The measured velocity corresponds to a spray cone angle of about 1100~1200, 
which is in agreement with the image results. Contrary to some previously studied injectors, the 
measured velocity for this new MVCO injector is lower than most of the injectors and swirl 
atomizers found in the literature survey [181-183], where a maximum velocity of around 100-
140 m/s is detected. Both the radial and axial velocities of the MVCO conical spray are much 
lower than a conventional multi-jet from a conventional multi-hole diesel injector, where the jet 
velocity is generally above 150m/s under similar injection pressure and back pressure. The lower 
velocity profile of the conical spray of MVCO is favorable for earlier injections for PCCI 
combustion, where the back pressure is low and no piston or cylinder liner wetting is desired. 
The lower velocity profile for early injection is also favorable for highly downsized small 
cylinder engine. It should be pointed out that the PDA data acquired so far is limited and the 
experiment itself could be very time consuming. Some other planar measuring technique, such as 
Particle Image Velocimety (PIV) for velocity measurement and Planar Droplet Sizing (PDS) for 
size measurement should be considered in future studies.  
7.4 Conclusion  
The micro-variable circular orifice (MVCO) high pressure common rail injector is tested using 
both high speed imaging and PDA technique. The high imaging reveals that much more jet 
plumes are generated by the MVCO compared with the conventional multi-hole injector 
inducing more violent breakup. The spray is also featured with shorter penetration and adaptive 
spray cone angle according to different engine load. In this respect, the unique spray and 
atomization characteristics by MVCO can potentially enable adaptive in-cylinder combustion 
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strategies which are impossible with conventional fixed-spray-angle multi-hole injectors. The 
PDA results also suggest finer and more uniform drop size distribution produced by MVCO. The 
conical spray of the MVCO injector also has a lower velocity profile comparing to conventional 
diesel injector under similar injection and back pressure conditions, which is favorable for down-
sized small cylinder engine for highly premixed combustion, yet such merits should be further 
confirmed in the future study 
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Table  7.1 Spray spreading angle summary 
Injection Pressure (bar) Spray Spreading Angle (degree) 
300 118 ± 1 
500 127 ± 1 
700 130 ± 1 
 
 
Fig. 7.1 Experimental Setup 
 
Fig. 7.2 Spray characteristic representation 
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Fig. 7.3 Determination of spray penetration 
 
Fig. 7.4 PDA Configuration 
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Fig. 7.5 Spray Evolution with various injection pressures (front view) 
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Fig. 7.6 Spray Evolution with various injection pressures (bottom view)
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Fig. 7.7 Spray penetration length with different injection pressures 
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   a) 
 
   b) 
Fig. 7.8 Droplet SMD distributions a) Axial along the centerline, b) Radial at axial 
position of 12 mm 
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a) 
 
b) 
Fig. 7.9 PDF of the droplet size at two positions: a) Axial 5 mm, Radial 10 mm, b) Axial 5 
mm, Radial 15 mm 
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a) 
 
b) 
Fig. 7.10 Droplet velocities at axial 4 mm, radial 10 mm with various injection pressure: a) 
500 bar, b) 700 bar 
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Chapter 8 Conclusions and Future Work 
 
Conclusions from several parts of this study were offered at the end of the respective chapters. 
Here, some of the material is summarized and repeated for the convenience of the reader. 
In Chapter 2, a high-resolution PIV measurement was carried out on a steady-state bench rig to 
study the large-scale flow characteristics through a four-valve cylinder head. The cylinder head 
employed intake valve chamfers for swirl generation. Two dimensional velocity fields from 800 
samples at each valve lift under steady state conditions were acquired to analyze ensemble 
averaged mean velocity and velocity fluctuations of the swirl motion. The velocity fields under 
Cartesian coordinates were further transformed into polar coordinates so that both the tangential 
velocity field and angular momentum can be obtained. Based on the analysis of the bench flow 
test data and streamline, tangential velocity, angular momentum and turbulent kinetic energy 
obtained from PIV measurement, the following conclusions can be reached:  
• Different experimental layout, in particular, the inclusion of intake horn or inlet pipe has 
negligible influence on the flow coefficient measurement, yet noticeably impacts the swirl 
coefficients suggesting possible flow structure modification with these attachments.  
• The swirl center of the flow does not coincide with the geometric center; its movement shifts 
towards the center with increasing valve lift. 
• The tangential velocity contour not only confirms non-solid-body rotation of the flow, but 
further suggests that the flow field may not be correctly described by a single tangential 
velocity radial profile, which is a very common practice to initialize the flow field in close 
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cycle engine simulation. The profile depends on the centerline chosen for measurement, 
indicating the limitation of the single-point measurement.  
• The swirl coefficient, obtained from the paddle wheel measurement may not precisely 
predict the ability of a given port to generate vortices due to the non-solid-body rotation of 
the swirl flow, and it may neither correlate with the turbulent kinetic energy a certain port 
design is able to produce. 
• At low valve lift range, the TKE of the swirl flow increases as the valve opens, and after the 
valve opens to a certain point (approximately middle valve lift) the TKE does not increase 
further and remains at a constant level, though the distribution of the TKE tends to become 
more homogeneous in the flow field.  
• The swirling strength was used to identify the local vortex core on the flow field and its 
probability density function was acquired under each valve lift case. The swirling strength 
statistics showed consistent results with the TKE distribution suggesting a strong 
relationship between TKE generation and small-scale vortices present in the instantaneous 
flow field.  
• The combination of helical port and filling port produced dual-vortices features in the swirl 
plane, which features higher TKE than the combination of tangential port and filling port. 
Such features are desirable for air-fuel mixing, suggesting that the helical-filling port 
combination is a better design in this regard.    
 
In Chapter 3, computational study was carried out focusing on the equivalence ratio distribution 
resulting from a diesel pilot injection in a HSDI engine particularly for the RCCI and dual-fuel 
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combustion consideration. The impacts of the piston shape, injection timing and flow 
initialization on the equivalence ratio distribution were investigated and the conclusions are as 
follows 
• For the pilot injection at 320 CA, most of the fuel vapor was trapped in the re-entrant bowl 
region with equivalence ratio gradient perpendicular to the wall for the bowl-in-piston shape 
while a fuel-rich core was formed in the center of the cylinder for the flat piston. The swirl 
ratio generated by the flat piston was very low, causing limited plume-to-plume interaction 
and short vapor penetration through the cylinder.  
• The injection timing had a significant impact on the homogeneity of the mixture towards 
TDC. Advanced injection led to more uniform mixture, although the spray may penetrate 
into the squish region even with a small injection spread angle. This could potentially cause 
over-lean region in the squish volume and result in UHC and CO emissions in the 
subsequent combustion event.  
• Swirl initialization may significantly alter the plume-to-plume variation. Flow field 
measured by PIV suggests that there could be a wake region at IVC timing. Using the 
experimental data for initialization resulted in drastic difference among individual plumes 
during and after the injection especially for the bowl-in-piston geometry, emphasizing the 
importance of full geometry and more accurate flow initialization in 3D engine simulations. 
In comparison, the flow initialization with different Bessel fit constant did not show 
remarkable difference though an α value of 3.11 provided a more homogeneous mixture in 
the central region. 
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• The current study confirmed the conclusion reached in the previous work of Hayder et al. 
[77], who reported that there is an upper limit to the magnitude of the TDC turbulence 
intensity in reciprocating engines and that the limit is independent of the characteristics of 
the flow field at the end of the intake process. The impact of the flow initialization is 
minimal if the injection is very close to the TDC and only becomes critical when the 
injection timing is much advanced. 
 
In Chapter 4, a comprehensive literature review is given on the parameters of particular interest 
in the fundamental spray and combustion studies. The experimental apparatus description, 
operation procedure, optical setup as well as the image post-processing procedure used in the rest 
of the thesis was described in detail with the ultra-low sulfur diesel used as for the baseline 
study. 
In Chapter 5, the spray and combustion characteristics of water emulsified fuel with different 
blending ratios were experimentally investigated in a constant volume combustion chamber with 
different injection pressures and under various ambient temperatures. Following conclusions 
were reached based on this study: 
• An HLB value of five is relatively the most suitable surfactant composition for the 
diesel/water interfacial condition. Volumetric density of the water phase bubble size 
calculated from micro images revealed that the destabilizing tendency increased with the 
increasing water content even though W20 still presented a single phase after a 14-day 
standing.  
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• Emulsified diesel manifested longer liquid penetration and longer ignition delay under low 
ambient temperatures due to the lower volatility and higher viscosity of the water. At high 
ambient temperature, the physical properties of the fuel are weakened; the spread spray cone 
angles indicate violent breakup events taking place upstream of the spray jet.  
• Applying the intentional over-exposure approach, the liquid phase of the spray could be 
illuminated by the soot incandescence in the broadband luminosity imaging. Glowing spots 
resulting from disruptive droplet combustion were consistently observed under certain 
conditions due to micro-explosion. It is demonstrated that micro-explosion could also affect 
the primary breakup instead of the secondary breakup under low injection pressure and high 
ambient temperature conditions.   
• Low injection pressure and higher ambient temperature favor the occurrence of puffing and 
disruptive droplet combustion at the lift-off as a competition between the micro-explosion 
delay time and primary breakup time. Once the primary breakup timescale is shorter, micro-
explosion may only facilitate secondary atomization and the glowing spots at the lift-off will 
no longer be observed. 
• The results suggest that the SLoL is almost equivalent to spray penetration for emulsified 
diesel and slightly shorter for ULSD at high ambient temperature; while at low ambient 
temperature, no QSS period is observed for either spray penetration or SLoL and the latter is 
reasonably longer than the former. The discrepancy between the two length scales indicates 
a gap between the liquid penetration and SLoL filled with fuel vapor enabling air 
entrainment prior to the primary reaction zone. Based on the time-resolved SLoL, there is no 
apparent relationship between lift-off length and ignition delay at low ambient temperature.   
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In Chapter 6, the combustion characteristics of ABE-diesel blends were studied in a constant 
volume chamber under both conventional diesel combustion and LTC conditions. The study is 
aimed at investigating the feasibility of ABE to be blended directly with diesel for ICE 
applications without any further individual component recovery. It is found that at low ambient 
temperature of 800 K and low ambient oxygen of 11%, ABE20 presented extremely low soot 
luminosity with better combustion efficiency compared to D100 based on the NMPRR 
suggesting that ABE solutions, an intermediate product during ABE fermentation, is a very 
promising alternative fuel to be directly used in diesel engines especially under LTC conditions. 
The advantageous combustion characteristics of ABE-diesel blends can be summarized as 
follows:  
• The ABE-diesel blend has higher oxygen content which enhances soot oxidation resulting in 
lower soot luminosity under all circumstances compared to pure diesel. At low ambient 
oxygen conditions, the oxygen content in the fuel is found to effectively make up for the 
deprived oxygen in the dilute mixture and maintain a reasonable chemical reaction rate. 
• The ABE-diesel blends have longer ignition delay and soot lift-off length allowing more air 
entrainment upstream of the spray and better air fuel mixing. At low ambient temperature 
and oxygen condition, ABE20 produced flameless combustion leading to extremely low soot 
luminosity and much lowered radiation heat loss as well as jet-induced wall heat loss. 800 K 
is found to be an optimum ambient temperature condition as combustion efficiency would 
remarkably deteriorate if temperature dropped lower. 
• The latent heat of ABE-diesel blends is higher than diesel thus an evaporative cooling effect 
is expected. This feature helps lower the adiabatic flame temperature and NOx emissions. 
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Under LTC conditions the evaporative cooling will further help suppress the soot formation 
under the low-temperature combustion regime.   
• Since ABE-diesel blends contain multiple components possessing drastically different 
volatilities, micro-explosion is speculated to take place and generate finer droplets which 
will greatly enhance the air-fuel mixing. The long ignition delay at low ambient temperature 
and oxygen may further promote the micro-explosion even before the primary breakup, 
which partially explains the superior combustion performance of ABE20 at this condition. 
In Chapter 7, the micro-variable circular orifice injector (MVCO) is tested using both high speed 
imaging and PDA technique. The high imaging reveals that much more jet plumes are generated 
by the MVCO compared with the conventional multi-hole injector inducing more violent 
breakup. The spray is also featured with shorter penetration and adaptive spray cone angle 
according to different engine load. In this respect, the unique spray and atomization 
characteristics by MVCO can potentially enable adaptive in-cylinder combustion strategies 
which are impossible with conventional fixed-spray-angle multi-hole injectors. The PDA results 
also suggest finer and more uniform drop size distribution produced by MVCO. The conical 
spray of the MVCO injector also has a lower velocity profile comparing to conventional diesel 
injector under similar injection and back pressure conditions, which is favorable for down-sized 
small cylinder engine for highly premixed combustion, yet such merits should be further 
confirmed in the future study 
Future work 
Air/fuel mixing enhancement will remain a key challenge for clean and efficient combustion in 
internal combustion engines for the foreseeable future. With regards to the possible directions for 
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future work, the following topics in the author’s opinion are of the most relevance and value for 
further exploration.  
Planar measurement in the chamber 
The chamber has a side window which can be used for planar measurement. Currently, this 
window is sealed with metal piece. Once it is replaced with a specifically designed side window 
(there is a spare one in the lab), a laser sheet can be introduced through and planar measurement 
will be possible. One can either use the current copper vapor laser or other lasers to produce the 
laser sheet. By using the former one, a set of specific sheet optics provided by Oxford Lasers Inc. 
can be used to transform the scatter beam from the laser fibers into a collimated beam so that the 
flexibility of the laser fiber (deliver laser beam to a place far away from the laser source) will be 
maintained. Several types of planar measurement can be conducted including MIE, PIV and OH-
PLIF. The planar MIE measurement will eliminate the background noise caused by the 
illumination of the bottom surface of the chamber thus providing more accurate quantitative 
analysis on the liquid penetration and spray cone angle. PIV measurement will reveal the flow 
field both inside and out of the spray, providing valuable data for simulation validation. 
Moreover, the planar measurement will be helpful in confirming potential micro-explosion under 
certain conditions as spray images will no longer be subject to the background noise encountered 
in previous research.  OH-PLIF will be another interesting study as the OH radical is a good 
indicator of the combustion start and actual flame structure. Combining OH-PLIF and 2D soot 
imaging may shed more insight on the soot formation and oxidation mechanism.  
Speaking of high speed imaging, much more powerful cameras with temporal resolution going 
up to ~ 100, 000 fps while maintaining a reasonable spatial resolution are available in the market. 
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The inherent nature of the micro-explosion event in a fuel spray determined the fact that the 
quality of the research is primarily dependent on the hardware. This dissertation work has 
illustrated the potential region of interest while more “zoomed-in” work requires better 
hardware.  
Advanced engine simulation 
With the boom of computational power, full-cycle full-geometry engine simulation will 
essentially become a common practice and field initialization will no long be an issue with 
multiple cycle iteration. Although the intake port design as well as the port guided intake flow 
renders more engineering value, the charge motion will always play a critical role in the engine 
as long as the engine is still powered by combustion. Once full-geometry simulation is available, 
the PIV data acquired in this study will be extremely valuable in validating different turbulence 
models. Currently, the RANS turbulence model is still commonly employed in 3D engine 
simulations; however, LES and DNS will soon catch up in the foreseeable future. It will be 
extremely important to get experimental data to evaluate the cost-effectiveness of different 
turbulence models and solvers.  Moreover, the equivalence ratio distribution will be more 
practical using the real charge motion from the intake port, providing more accurate predictions 
of the subsequent combustion performance.  
Advanced simulations also include the modeling of the actual injector sac volume. With the 
presence of extremely high pressure fluid as well as the periodic mechanical movement of the 
needle, some studies have demonstrated the possibility of cavitations or even flash boiling inside 
the sac volume of the injector upon fuel injection. Such phenomena actually favor the fuel 
breakup and atomization from a fundamental physics point of view, yet uncontrolled cavitations 
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or flash boiling could easily do damage to the injector components. On the other hand, the 
presence of these phenomena may cause ambiguity when interpreting the experimental results as 
high speed imaging results cannot distinguish the cause of a better atomization event. It could be 
from micro-explosion, flash boiling or cavitations. Therefore, the modeling work “inside” the 
injector is very important for predicating the air-fuel mixing characteristics.  
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Appendix A: Trouble shooting of the constant volume chamber 
 
The detailed experimental operation procedure of the constant volume chamber has been 
illustrated in Chapter 4. During the experiment, mis-operations or component failures are not 
uncommon and may cause the entire system to be out of order. The trouble shooting process 
could be frustrating especially for beginners. The following section describes the common issues 
that one may encounter during the experiment, their potential cause, and the way to fix it.   
A.1 Sealing 
Gas leakage is the most commonly encountered issue during the chamber operation that can 
result in significant cycle-to-cycle variability of the premix burn pressure, and it will be almost 
impossible to control the ambient condition upon injection if gas leakage occurs. The easiest way 
to tell if the sealing of the chamber is good is by monitoring the “C pressure” on the Labview 
front panel. This “C pressure” value should always be smaller than 3 psi before the spark ignites 
under all circumstances; otherwise it suggests there might be leakage. 
The following three components are most likely to be the cause of the leakage: the spring seal 
ring, Valve 6 and Valve 7. The spring seal ring which seals the lower surface of the window will 
fail over time so it must be carefully examined before the experiment and be replaced should bad 
springs be detected. For a good seal ring, all the coil should evenly distributed with no foreign 
particles (typically soot from combustion) in between. If the chamber/seal ring is not cleaned 
thoroughly, the combustion residue left in the groove or inside the springs could potentially 
shorten the life of the spring seal ring. Each seal ring should be able to survive at least 30~40 
experiments if properly used.  
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The other two potential causes of the leakage are Valve 6 and Valve 7 which are directly 
exposed to the shockwave generated by the combustion event inside the chamber. The valve 
failure can be attributed to several causes. The most common cause is the improper installation 
of the valve and step motor, which induces accumulated stress whenever the shaft is rotating. 
Therefore the alignment must be ensured between the valve and step motor during installation. 
Two aluminum pieces have been added onto the outer frame of the step motor for alignment 
purposes. The failure of the stainless mesh, which serves as the flame arrestor, could also lead to 
excessive thermal stress on the disc (ball) of the valve. If one suspects that the valve is not 
working correctly, it should be dissembled from the step motor for further examination. As a 
matter of fact, the valves can be easily checked by just manually opening and closing the disc. If 
the valve cannot open and close smoothly with bare hands, then the disc is probably already 
misaligned with the seat and should be replaced. Another way to do a more thorough valve check 
is to connect one end to a pressure source while applying leakage detector source on the other 
end. 
Another potential cause of leakage, though not happening very often, includes insufficient torque 
exerted on the wrench when installing the window. Since the maximum torque applied (~ 180 ± 
5 pound-feet) is typically the same throughout the years, the leakage only occurs in the scenario 
that the window itself needs to be replaced.  The block which was previously used for fan 
installation (a rod that protrudes into the chamber) was also once a leak point but has been 
soldered ever since.         
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A.2 Low ambient density 
The insufficient high ambient density is another common issue that could cause significant 
cycle-to-cycle variation and lead to unreliable data. The ambient density can be also monitored 
on the Labview front panel and a value of 15.5 ± 0.5 kg/m3 should be reached. Once insufficient 
ambient density is detected, the very first step is to check the nitrogen bottle pressure (hooked up 
to the backside of the piston accumulator), which should be maintained at a minimum of ~300 
psi on the pressure regulator reading. The pre-burn mixture may not fully enter the chamber 
because of the inadequate nitrogen pressure. Meanwhile, the ambient density upon injection may 
also exceed the desired range due to excessively high nitrogen pressure. The typical ambient 
density on this chamber is 15.5 ± 0.5 kg/m3, therefore if the reading is higher than 16 kg/m3, it 
should be considered excessive. In this case, the pressure should be reduced accordingly. 
If the nitrogen pressure is correct and the ambient density still cannot reach the specified value, 
the piston accumulator may have failed. The “piston” is actually a diaphragm inside the 
accumulator and if this diaphragm is bad, the pushed gas – nitrogen, essentially goes to the front 
side of the accumulator and mixes with the pre-burn mixture. If one suspects that the 
accumulator is bad, the easiest way to check is to fill the front side with nitrogen gas and leave 
the backside open or vice versa. A pressure transducer/gauge can be used to monitor the pressure 
on the side where the gas is filled. If the pressure does not drop over 24~48 hrs period, then the 
accumulator is still working properly. 
The failure of Valves 8 and 9 could also cause insufficient ambient density, although this doesn’t 
happen very often. One should also inspect the gas pressure for the pre-burn species such that the 
desired pressures are reached when filling the gas.  
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A.3 Erratic gas delivery 
The manifestations of erratic gas delivery certainly include the aforementioned leakage and 
insufficient ambient density, but an even worse scenario is that none of the pressure readings 
look reasonable during the cycle. (One will get a better sense of the sound of each event with 
experience). Apart from the reasons mentioned above, several other factors might be considered.  
One of the most encountered scenarios is that Valves 10 and 11, which pass the exhaust gas, are 
clogged by soot. In this case, thorough cleaning is usually sufficient to fix the gas delivery issue 
(one way is to dissemble the magnetic base and merge the valve body in acetone in a sealed 
bottle). The vacuum pump could also be a reason and may require maintenance. The easiest way 
to check the vacuum pump is by hearing the sound and feels the sucking power at the inlet of the 
pump. If the vacuum pump becomes really loud, or there is not sufficient sucking at the inlet, the 
vacuum pump most likely needs to be replaced. According to the vacuum pump manual it is 
suggested to change oil after each time it is used. In the author’s experience, oil change after 3-5 
experiments is typically sufficient. The details on the oil change procedure can be found on the 
vacuum pump manual. If the gas exchange process is still not working correctly at this point, one 
may have to carefully check each valve in the system according to Table  4.6 and replace with 
the spare valve in the lab. This “trial and error” process takes much patience and experience to 
achieve.  
A.4 False injection 
False injection can be caused by various reasons, usually from one of the following: injector 
failure, ECM failure and Labview signal failure. The first step when false injection is detected is 
to connect the Labview output and ECM output to an oscilloscope in two separate channels and 
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check if the signals are exactly as desired. The signal should be a square wave with duration 
specified by the ECM. This procedure should enable one to identify the cause of the issue. If it is 
an injector failure, then simply replace it (Caterpillar 3126B Diesel Fuel Injector); if it is ECM 
failure, then one may have to contact the technical support in Caterpillar for assistance. In the 
author’s opinion, it is strongly suggested to replace the current HEUI injection system with a 
common rail injection system.  
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Appendix B:   A further discussion on the Forward Illumination Light 
Extinction Method 
 
The forward illumination light extinction (FILE) method developed in the author’s lab is a very 
simple, straight forward and easy-to-implement technique for soot measurement, therefore could 
be very promising in the future. As illustrated in Chapter 4, FILE is capable of providing both 
temporally and spatially resolved soot distributions in a sooty flame. In the author’s experience, 
FILE method is very effective in qualitatively reflecting the soot level produced with different 
ambient oxygen or different fuels, but to improve its quantitative capability of soot measurement, 
i.e. to provide the exact soot mass produced during combustion, and also to promote the 
recognition of this technique, more validation work is required. In the following section, a 
detailed review of the current assumption used in FILE is made. Several issues which were not 
addressed in the previous validation work are also detailed. Based on these assumptions and 
issues, suggestions are proposed for the future validation work when more sophisticated 
requirements and more developed experiment procedure are available.  
B.1 Assumptions for FILE 
Before we discuss any improvement of the FILE technique, let’s review the key assumptions 
made in this technique and how the previous validation work had been conducted, which will 
give us a better understanding of its principle. The key assumptions of the FILE technique can be 
summarized as following: 
a. The Lambert-Beer’s law is valid for FILE, which uses a diffused light source. 
b.  The beam steering is negligible for FILE because of the diffused light source 
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c. The soot density is spatially uniform 
d.  The soot mass can be obtained through the multiplication of volume fraction and 
soot density, where the volume fraction is derived from KL measurement.  
Now we will break down each of the above assumptions here. The first and most important 
assumption is that the Beer’s law is valid in the FILE setup. Nevertheless, there are prerequisites 
for the Beer’s law in theory, which are as follows [121]: 
a. The absorbers must act independently of each other; 
b. The absorbing medium must be homogeneous in the interaction volume; 
c. The absorbing medium must not scatter the radiation; 
d. The incident radiation must consist of parallel rays, each traversing the same 
length in the absorbing medium; 
e. The incident radiation should preferably be monochromatic, or have at least a 
width that is narrower than that of the absorbing transition; 
f. The incident flux must not influence the atoms or molecules; it should only act as 
a non-invasive probe of the species under study. In particular, this implies that the 
light should not cause optical saturation or optical pumping, since such effects 
will deplete the lower level and possibly give rise to stimulated emission 
If any of these conditions are not fulfilled, there will be deviation from Beer’s law. Although the 
incident light in the FILE setup is from a scattered laser beam, the monochromatic reflected light 
from the aluminum piece however, is essentially diffused light viewing from the camera’s 
perspective. By checking these prerequisites, one can tell that FILE measurement hardly meets 
prerequisite d that incident radiation must consist of parallel rays. The FILE measurement hereby 
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assumes that the diffused reflection from the aluminum piece, which is located sufficiently close 
to the medium (soot cloud), volumetrically acts like parallel rays between the aluminum piece 
and the camera film, and hence the absorbing medium within this volumetric region still obeys 
Beer’s Law.  
Meanwhile, the transmitted light could be deflected under high temperature and pressure 
conditions because of the density gradient of the gas phase, leading to so called “beam steering” 
effect in the extinction-type soot measurement. In the conventional extinction measurement, the 
incident light is typically from a collimated laser beam, while a photo diode coupled with an 
integrating sphere is used as the signal receiver. In the FILE measurement, however, the laser 
beam and photo diode are replaced by the monochromatic diffused light and camera respectively. 
The FILE technique assumes that the uniformity of illumination at the camera film is rendered 
insensitive to the effects of beam steering because of the “volumetric” diffused refraction.  
Assumption #3 and #4 are eccentrically interactive as FILE measurement assumes that the soot 
cloud concentration is homogeneous along the axial direction for prerequisite b, (the direction 
from the aluminum piece pointing to the camera film). This assumption is due to the nature of 
the line-of-sight measurement and the soot concentration gradient along the “line” will not be 
captured.  
It should be also be pointed out that considerable uncertainties exist in the soot optical properties 
(both E(m) and αsa) that are required to relate the extinction coefficient to soot volume fraction, 
as expressed in Eq. 4.5. As pointed out by Pickett [117], although historically it has been 
common practice to assume that the scattering from the soot particles is negligible (αsa=0) for 
extinction measurement because the primary soot particle diameter is of approximately only 20-
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40 nm based on soot sampled and analyzed with TEM, the scattering contribution could be non-
negligible when the soot particles aggregate and become large. In this respect, FILE technique 
does not consider the scattering contributions from the aggregates and uses the simplified 
expression to relate the KL to the soot volume fraction as in Eq. 4.6.  FILE further made an 
assumption that the soot density is spatially uniform when deriving the soot mass from the soot 
volume fraction as expressed in Eq. 4.7 
It can be noted that none of the above assumptions are easy to validate in theory, therefore a 
“lump” approach was adopted to validate this technique. The logic is that each individual 
assumption would have been taken into account; FILE should reproduce the same results as other 
developed techniques under the same experiment conditions. Now to validate the FILE 
technique, soot volume fraction from a laminar diffusion flame burner has been measured and 
been compared with the LII data from a previous study performed in a similar facility. More 
details of this validation work can be found in [118]. Although the results suggest that the soot 
volume fraction obtained from the two techniques agreed extremely well, it can be found that not 
every “assumption” was checked in this validation study.  
The first and probably the most critical issue is that FILE has only been validated by soot volume 
fraction and yet never been validated by soot mass. Almost all the light-extinction-related soot 
measurement techniques will yield soot volume fraction related information, often represented 
by the “KL” factor. The assumption that enables FILE to relate KL to the soot volume fraction, 
and in consequence to further yield the soot mass information as discussed above, however, has 
not been proved experimentally.  
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The second issue is that the validation experiment of laminar diffusion flames is conducted under 
ambient atmospheric conditions while the actual spray and combustion is taking place under 
diesel-engine-like conditions in the constant volume chamber. In this respect, the beam steering 
effect caused by the gas density gradient in a high temperature/pressure environment is still not 
taken into account.   
The last issue is the distance between the flame and the diffuser. The impact of this distance is 
investigated in the previous validation [118]. It is suggested that the measurement is subject to 
high-level of noise when the diffuser is placed too close to the flame and that the diffuser works 
best when located just out of the camera depth-of-field. The issue though is that the validation 
experiment used a different distance from that in the actual chamber. The distance between the 
diffuser and the laminar diffusion flame is 18 mm (optimized by Abel inversion) while it is less 
than 5 mm in the actual chamber. In this regard, the noise from the diffuser is still not properly 
validated.  
B.2 Directions for future validation work 
The challenge of FILE validation is that almost all the laser diagnostic based soot measurement 
nowadays can only provide certain volume fraction information rather than the exact soot mass. 
It is until recently that a number of in-situ soot measurements have been performed in Sandia 
national lab which could be valuable for FILE validation. If FILE can be validated against the in-
situ soot measurement, then all of the aforementioned issues from the previous work will be 
essentially overcome in a “lumped” fashion, yet this will definitely require collaboration with 
resources outside this lab.  
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As for promoting this technique, the author believe it is worthwhile to explore different light 
source for FILE measurement because the reflected light from the diffuser is essentially diffused, 
whether  the incident light is collimated or not. In this regard, the measurement cost could be 
significantly reduced if a high frequency lamp can meet the requirement.  
